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The automobile industry is a major consumer of powder metallurgy (PM) components. 
Occasionally, as in the current case of this investigation, new alloy compositions are specified for 
production of PM components and research is required to optimize production. This work was 
aimed at better understanding the influence of alloying additions on the sintering behaviour of the 
Fe-based powder mix containing high carbon content (up to 0.9 wt.%), and the alloying elements 
cobalt, molybdenum and nickel. Both the blended elemental and pre-alloyed powder mixtures were 
investigated whilst attempting to optimize the sintering conditions to achieve a higher density. 
Dilatometer, DSC with TGA were used to investigate the influence of alloying elements on the 
sintering behaviour of the Fe powder. Metallographic examination using optical microscopy along 
with scanning electron microscopy (SEM) combined with energy dispersive X-ray spectroscopy 
(EDS) has been performed in an attempt to relate the results obtained from dilatometer to the 
microstructure of the alloys. Response surface methodology (RSM) with central composite design 
(CCD) was also applied to study the influence of sintering parameters (sintering temperature, time 
and hydrogen content) with the aim of maximising the sintered density of the materials. 
Dilatometry results showed that Mn addition promotes swelling while Ni promotes shrinkage 
during sintering. The metallographic investigation revealed that Co and Mo do not completely 
dissolve in the Fe matrix for the temperature range studied and that homogenisation of Mo result in 
large secondary pores. The microstructure of the blended elemental powder was found to be 
inhomogeneous consisting of pearlite, bainite and undissolved particles while that of the pre-alloyed 
powder was fully bainitic.   
CCD experiments showed that sintering temperate (of between 1120 and 1250 °C) and time (of 
between 30 and 60 min) affect the sintered density negatively and the hydrogen content (of up to 10 
vol.%) had little effect on the sintered density. The interaction between three variables i.e. sintering 
temperature, holding time and hydrogen content (%) was also studied and modelled and the 
mathematical equations were derived to predict the sintered density of samples using second order 











List of Figures vii 
List of Tables x 
Chapter 1: Introduction 1 
1.1. Introduction 1 
1.2. Problem statement 3 
1.3. Aim and Objectives 4 
Chapter 2: Literature Review 5 
2.1. Iron and steels 5 
2.2. Applications of iron and steels 8 
2.3. Introduction to general powder metallurgy 8 
2.4. Steps in powder metallurgy 10 
2.4.1. Powder production 10 
2.4.2. Mixing and Additives 10 
2.4.3. Compaction 11 
2.4.4. Sintering 14 
2.5. Sintering Measurement Techniques 24 
2.5.1. Dilatometer 24 
2.5.2. Differential Scanning Calorimetry/ Thermogravimetric Analysis (DSC/TGA) 26 
2.6. Effects of alloying elements during sintering of PM steels. 27 
2.6.1. Carbon 27 
2.6.2. Nickel 28 
2.6.3. Manganese 29 
2.6.4. Molybdenum 31 
2.6.5. Cobalt 31 
2.6.6. Sulphur 32 
2.7. Design of Experiments (DoE) 32 
2.7.1. Response Surface Methodology 34 
2.8. Summary of Literature 37 
Chapter 3: Materials and Method 38 
3.1. Introduction 38 
3.2. Materials 38 
3.3. Methodology 39 
3.3.1. Morphology of the as Received Powders 39 
3.3.2. Particle Size and Size Distribution 39 
3.3.3. Powder Blending 40 
3.3.4. Flow Rate and Bulk Density (Apparent Density and Tap Density) 41 
3.3.5. Powder Consolidation/Compaction 43 
3.3.6. Green Compact Characterization 44 
3.3.7. Dilatometry studies 44 
vi 
 
3.3.8. DSC/TG analysis 45 
3.3.9. Sintering 46 
3.3.10. Sintered density 49 
3.3.11. Metallographic Preparation 49 
Chapter 4: Results and Discussion 52 
4.1 Introduction 52 
4.2 Powder Characterization 52 
4.2.1. Particle Size Distribution 52 
4.2.2. Powder Morphology 53 
4.2.3. Powder Blends Properties 54 
4.3 Compressibility 56 
4.4 Dilatometric studies 57 
4.4.1. Characterization of Dilatometer Specimens 64 
4.5 DSC/TG Analysis 79 
4.5.1. Summary of DSC/TGA 84 
4.6 Optimization of Sintering Parameters 86 
Chapter 5: Conclusions and Recommendations 97 
5.1. Introduction 97 
5.2. Conclusions 97 
5.3. Recommendations. 98 
References 99 
Appendix 109 
Appendix A: Dilatometry Curve and First Derivatives of Dilatometry Curves 109 
Appendix B: Pore Size Distribution 117 
Appendix C: DSC Curves 121 














List of Figures 
Figure 1.1: Energy consumption and material wastage of various metal manufacturing processes. 
(Torralba and Campos, 2014) 2 
Figure 1.2: Powder metallurgy parts in automobile applications. (Ramakrishnan, 2013) 2 
Figure 1.3: Effects of porosity on Mechanical properties of sintered materials (Torralba and Campos, 
2014). 3 
Figure 2.1: The iron–iron carbide phase diagram (Callister, and Rethwisch, 2014). 5 
Figure 2.2: Classification of iron alloy phase diagrams (a) Open γ-field, (b) expanded γ-field, (c) closed 
γ-field; and (d) contracted γ-field (Bhadeshia and Honeycombe, 2017). 6 
Figure 2.3: Classification of Steel (Callister, and Rethwisch, 2014). 7 
Figure 2.4: The Delhi Iron Pillar (Ramakrishnan, 1983). 9 
Figure 2.5: Powder metallurgy products in various industries 9 
Figure 2.6: Basic steps of the Powder Metallurgy Process 10 
Figure 2.7: Schematic of the die compaction process (ASM Metals handbook). 12 
Figure 2.8: Stages of densification of the powders during die compaction. 13 
Figure 2.9: Stages in the sintering process (German, 2014). 15 
Figure 2.10: Mass transport mechanisms during solid state sintering, a) surface transport; b) bulk 
transport (German, 2014) 16 
Figure 2.11: Schematic showing the densification curve of a powder compact and the three sintering 
stages (Kang, 2005) 19 
Figure 2.12: Schematic diagrams of the pore structure changes during sintering 20 
Figure 2.13: Schematic of a horizontal pushrod dilatometer configuration. 25 
Figure 2.14: A dilatometry plot for Fe-1.5% Mo compacted powders (Molinari et al, 2000) 25 
Figure 2.15: A dilatometry plot for Fe-Ni compacted powders (Hwang and Shiau, 1996). 26 
Figure 2.16: DSC curves for Fe–Mo with Ni-Mn-B master alloy (Sundaram et al. 2018). 26 
Figure 2.17: TGA curve of a Fe-C powder compact (de Oro Calderon et al. 2017). 27 
Figure 2.18: Diffusion rate of nickel atoms into α- and γ-iron (Šalak et al., 2005). 29 
Figure 2.19: Effects of of alloying elements on solid solution strengthening of ferrite (Šalak and 
Selecká, 2012). 29 
Figure: 2.20: Dilatometric graphs for Fe–x%Mn–0.7%C (Danninger et al, 2005) 30 
Figure 2.21: Effect of Mn addition on density of sintered steels (Šalak and Selecká, 2012) 30 
Figure 2.22: Dilatometric graphs for Fe–x%Mo–0.7%C (Danninger et al, 2005). 31 
Figure 2.23: General model of a system (Montgomery, 1999) 33 
Figure 2.24: Central composite designs for the optimization for the optimization of: (a) two variables k= 
2; and (b) three variables, k = 3 35 
Figure 3.1: The Jeol JSM-6510 Scanning Electron Microscope (SEM) 39 
Figure 3.2: Microtract Bluewave Particle Size Analyser 40 
Figure 3.3: Type T2C TURBULA® Mixer 41 
Figure 3.4: Ohaus explorer EX 224 balance 42 
Figure 3.5: Hall Flow meter 43 
Figure 3.6: Enerpac Hydraulic press 44 
viii 
 
Figure 3.7: Bahr Dilatometer (DIL 805D) 45 
Figure 3.8: Netzsch Simultaneous DSC/TG STA 449 F1 Jupiter. 46 
Figure 3.9: Phasecon Retort Furnace 48 
Figure 3.10: ATM Brillant 221 precision cutting machine. 49 
Figure 3.11: ATM Opal 450 mounting press 50 
Figure 3.12: ATM Saphir 550 automatic grinder and polisher. 50 
Figure 3.13: Leica DMI 5000M optical microscope 51 
Figure 4.1: Particle size distribution of used powders 52 
Figure 4.2: Morphologies of the as-received powders a) Pre-Alloyed, b) Fe-W100.25, c) Cobalt, d) 
Nickel, e) Manganese, f) Molybdenum, g) Graphite, and h) BE 54 
Figure 4.3: EDS mapping distribution of elements within the Blended-Elemental mixture (a) grey image 
of the mixture, (b) Iron, C) Carbon, (d) Manganese, (e) Cobalt, (f) Molybdenum, (g) Nickel 
and (h) Sulphur 55 
Figure 4.4: Typical Green Compacts 57 
Figure 4.5: Compressibility curve of the powder mixtures 57 
Figure 4.6: Typical Dilatometer Specimens. 58 
Figure 4.7: Full Dilatometry Cycle Curves for Different Alloy Composition 58 
Figure 4.8: Dilatometry Curves During Heating Up for Different Alloy Composition 59 
Figure 4.9: Isothermal Holding + Cooling Down Dilatometry Curve for Different Alloy Composition 62 
Figure 4.10: Dimensional Change of Specimens Dilatometer Cycles 63 
Figure 4.11: Polished unetched Optical Images of the a) Fe, b) Fe-C, c) Fe-C-Mn-S, d) Fe-C-Co-Mn-S, 
e) Fe-C-Mo-Mn-S, f) Fe-C-Ni-Mn-S, g) BE,  h) PA. 67 
Figure 4.12: Pore Size Distribution of the Studied Materials 67 
Figure 4.13: SEM micrograph of Fe a) low magnification b) high magnification. 68 
Figure 4.14: SEM micrograph Fe-C, a) low magnification b) high magnification 69 
Figure 4.15: SEM micrograph Fe-C-Mn-S a) low magnification b) high magnification 69 
Figure 4.16: EDS Point and Shoot analysis of Fe-C-Mn-S 70 
Figure 4.17: EDS Mapping of Fe-C-Mn-S 70 
Figure 4.18: SEM micrograph of Fe-C-Mn-S-Co a) low magnification, b), c), d) high maginification & 
e) EDS Line Scan around Undissolved Co Particle in Fe-C-Mn-S-Co 71 
Figure 4.19: SEM micrograph of Fe-C-Mn-S-Mo Alloy a), b) low magnification, c), d) & e) high 
magnification 73 
Figure 4.20: EDS point and shoot showing Mo-rings surrounding the pores, indicating pores are 
“secondary pores”, a result of liquid phase sintering. 73 
Figure 4.21: Higher magnification of the complex carbide in the Fe-C-Mn-S-Mo alloy a), and b) EDS 
Point and Shoot analysis to determine approximate composition 74 
Figure 4.22: SEM micrograph of Fe-C-Mn-S-Ni 75 
Figure 4.23: EDS mapping distribution of elements of the Fe-C-Mn-S-Ni 75 
Figure 4.24: SEM Micrographs of BE alloy a) low magnification, b), c) & d) high maginification 76 
Figure 4.25: SEM Micrographs of BE alloy a) high maginification b) EDS mapping around undissolved 
particles of the BE 77 
Figure 4.26: SEM Micrographs of PA 77 
ix 
 
Figure 4.27: DSC Curves of Different Alloys a) Fe, b) Fe-C, c) Fe-C-Mn-S, d) Fe-C-Mn-S-Co, e) Fe-C-
Mn-S-Mo, f) Fe-C-Mn-S-Ni, g) BE, and h) PA. 80 
Figure 4.28: TG Curves During Heating of Different Alloy Composition. 82 
Figure 4.29: TG Curves During Cooling of Different Alloy Composition 84 
Figure 4.30: Ellingham diagram of sulphides. (Furlan et al, 2015). 85 
Figure 4.31: Surface and Contour Plots for Blended Elemental pressed at 420 MPa 88 
Figure 4.32: Surface and Contour Plots for Blended Elemental pressed at 1100 MPa 89 
Figure 4.33: Surface and Contour Plots for Pre-alloyed pressed at 420 MPa 91 
Figure 4.34: Surface and Contour Plots for Pre-alloyed pressed at 1100 MPa 92 





List of Tables 
Table 2.1: Types of steel and their applications (Callister, and Rethwisch, 2014). 8 
Table 3.1 Composition of Powder Mixtures 38 
Table 3.2: Chemical compositions for specimens to study the influence of alloying elements 38 
Table 3.3: Independent process parameters and corresponding levels 47 
Table 3.4: CCD Experimental design of 3 variables tested to 5 levels 47 
Table 3.5: Summary of the grinding and polishing conditions 51 
Table 4.1: As Received powders in D10, D50, D90 particle sizes 53 
Table 4.2: Powder Blends Properties 56 
Table 4.3: Analysis from Dilatometry Curves 60 
Table 4.4: Density and Porosity of the Studied Materials 65 
Table 4.5 Summary of microstructural features for samples after sintering in the dilatometer 78 
Table 4.6: Mass change values during different stages of TG measurements. 82 
Table 4.7: ANOVA for BE compacts pressed at 420 MPa 94 
Table 4.8: ANOVA for BE compacts pressed at 1100 MPa 94 
Table 4.9: ANOVA for PA compacts pressed at 420 MPa 95 
Table 4.10: ANOVA for PA compacts pressed at 1100 MPa 95 






Chapter 1: Introduction 
 
1.1. Introduction 
Iron (Fe) is probably the most widely used and most important metal today. It makes up 5% of the 
Earth's crust and is second in abundance to aluminium among the metals and fourth in abundance 
behind oxygen, silicon, and aluminium among the elements (Hasashi, 1997). Its annual production 
exceeds by far that of all other metals combined, comprising approximately 93% of the tonnages of 
all the metals used (Habashi, 1997). It exists in nature mainly as its oxides with the common ones 
being magnetite (Fe3O4) and hematite (Fe2O3).  
Iron is obtained by the reduction of the ores in the blast furnace. Where fuel in the form of carbon 
and flux usually limestone is added in the process. The fuel supplies energy for melting and the flux 
combines with the impurities to form slag which is removed afterwards. The product is called pig 
iron, and further remelting and refining produces commercially pure iron. 
Pure iron is allotropic i.e., below 768 oC, it is magnetic and exhibits a body centred cubic (BCC) 
structure and this is called α (alpha) iron. Above 768 oC iron loses the magnetism but the crystal 
structure does not change. Between 910 and 1390 oC it is face centred cubic (FCC) which is known 
as austenite γ (gamma) iron and it reverts back to BCC again above 1390 oC as δ (delta) iron. Pure 
iron is very soft and readily reacts with oxygen in the presence of moisture and for this reason its 
widespread use is as a form of an alloy and mostly steel (Greenwood and Earnshaw, 1997; and 
Habashi, 1997).  
Steel is an iron–carbon alloy of which iron is the main constituent and may contain appreciable 
concentrations of other alloying elements. It is produced in larger quantities than any other metal 
type. Its widespread use is due to: (a) the abundancy of iron within the earth’s crust; (b) the extreme 
versatility of steel in that it can be tailored to have a wide range of mechanical and physical 
properties through heat treatment; and (c) the relatively economical extraction of metallic iron, 
refining, alloying, and fabrication techniques of steel alloys. Some of the fabrication techniques that 
are used include extrusion, casting, forging, powder metallurgy (PM) and rolling. Some of the 
fabrication techniques that are used include extrusion, casting, forging, powder metallurgy (PM) 
and rolling. Among these fabrication techniques powder metallurgy (PM) is the more cost attractive 
process for the mass manufacturing of complex shape components.  
PM is a processing technique used to fabricate ceramic, metallic or composite components, 
typically of small size and of complex shape. It is a near net shape process, which can produce 
components with high precision at low cost with little waste as outlined in Figure 1.1. It can 
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produce high quality components with homogeneous and reproducible properties. Powder 
metallurgy is preferred over conventional metal shaping operations such as forging, machining and 
metal casting mainly due to its ability to produce complex components which are difficult or 
impossible and expensive to fabricate through conventional metal shaping operations. 
Currently, the automobile industry accounts for about 70% of the PM component production 
(Ramakrishnan, 2013; and Schauerte, 2016) and some of the parts that are made using powder 
metallurgy in automobiles are for engines, chassis and transmissions systems as shown in Figure 
1.2. 
 
Figure 1.1: Energy consumption and material wastage of various metal manufacturing processes. 
(Torralba and Campos, 2014) 
 
Figure 1.2: Powder metallurgy parts in automobile applications. (Ramakrishnan, 2013) 
A typical PM process involves i) mixing of powders, this often involve the introduction of alloying 
additions in elemental powder form or the incorporation of a pressing lubricant ii) powder pressing 
(compaction), this is the consolidation process where the powder is pressed into structure near the 
dimensions of the final object called green compacts using a rigid toolset comprising a die and 
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punches and; iii) sintering, this is the final step in PM, the pressed compacts are then sintered/heated 
to a temperature below the melting point of the powder in a controlled atmosphere furnace to 
produce the final products. 
Generally, there are two main types of powder mixtures that are used in the powder metallurgy 
industry, the pre-alloyed and blended elemental powders. In the pre-alloyed powders, alloying 
elements are added during the powder making process to produce a chemically uniform powder. 
This powder is effective against segregation issues. In the blended elemental powder, alloying 
elements are mixed with the base powder before pressing and the alloying process takes place 
during sintering. This is the least expensive method.  
 
1.2. Problem statement 
Sintering of steel powders is a well-established process, but occasionally, new powder compositions 
are requested whose sintering behaviour is not known. Poor sintering can lead to porous 
microstructures, which for structural parts can be detrimental for mechanical properties as shown in 
Figure 1.3. The properties associated with the ductility of material are reduced dramatically with 
high levels of porosity and thus in applications such as gears, transmission parts and some engine 
components (in Figure 1.2), where these properties are a requirement, properties should be close to 
those of wrought components. It is well known that the properties of powder metallurgical materials 
strongly depend on the sintered density and the microstructure (Wang et al., 2008; and He, 2001).  
Therefore, it is essential to achieve high density to meet these high performance requirements and 
properties (Sundaram et al. 2018). 
 
 




This study deals with one such non-conventional powder metallurgy steel composition, containing 
high carbon content (up to 0.9wt.%), cobalt, molybdenum and nickel. Cobalt is rarely used in 
powder metallurgy steels.  
An increase in the final density can be achieved by acting on both the pressing step and the sintering 
step (Torralba, 2014). Traditionally, density has been increased by employing compaction process 
such as, double press/double sinter processing, warm compaction and high velocity compaction, 
increasing sintering temperatures and sintering enhancement additions (Rutz and Hanejko, 1994; 
Ramakrishnan, 2013). Higher green density levels of 7.5 g/cm3 can be achieved by using double 
press/double sinter processing and high velocity compaction, however these processes are limited to 
simple shapes (Rutz and Hanejko, 1994; Torralba, 2014), and their operating cost are very high 
(Danninger et al, 2013).  
 
1.3. Aim and Objectives 
The aim of this research is to understand the sintering behaviour of a non-conventional powder 
metallurgy Fe-based powder mixture containing high carbon content (up to 0.9wt.%), and the 
alloying elements cobalt, molybdenum and nickel. 
 
This will be achieved by the following objectives: 
• Investigate the influence of elemental additions on the sintering behaviour of the iron 
powder using dilatometry studies and Differential Scanning Calorimetry/ 
Thermogravimetric Analysis (DSC/TGA). 
• Study the effects of sintering parameters on the sintered density using response surface 










Chapter 2: Literature Review 
 
2.1. Iron and steels 
Steels are widely used as engineering materials because they have an endless variety of 
microstructures and properties that can be generated by solid-state transformation and processing. 
Therefore, in studying steels, it is useful to consider the behaviour of pure iron first, then the iron-
carbon alloys, and finally the many complexities that arise when further solutes are added. Figure 
2.1 is a typical Fe-C phase diagram showing equilibrium phases. 
 
 
Figure 2.1: The iron–iron carbide (Fe-Fe3C) phase diagram (Callister, and Rethwisch, 2014). 
There are many types of steels, which depend on the alloying elements used, but they are all based 
on the basic Fe-C phase diagram (Figure 2.1.). Alloying elements modify the Fe-C phase diagram 
as shown in Figure 2.2, depending on whether they are α- or γ- stabilizers. The phase modifications 
can be classified as, open and closed γ-field and expanded and contracted γ-field (Figure 2.2). γ-
stabiliser expand the γ-field and encourage the formation of austenite over wider compositional 





Figure 2.2: Classification of iron alloy phase diagrams (a) Open γ-field, (b) expanded γ-field, (c) 
closed γ-field; and (d) contracted γ-field (Bhadeshia and Honeycombe, 2017). 
The alloying elements of interest for this research are C, Ni, Mn, S, Mo and Co. Their effects on the 
Fe-C phase diagram are as follows: 
i) Carbon 
C expands the γ-field in the diagram (Figure 2.2b). The γ-region is expanded but its range of 
existence is cut short by the formation of iron rich compounds. The γ-field expansion by carbon 
makes the heat treatment of steel possible by allowing formation of a homogeneous solid solution 
(austenite) comprising up to 2.0 wt. % C (Bhadeshia and Honeycombe, 2017). 
ii) Nickel  
Nickel opens the γ-field by depressing the α → γ transformation and raising the γ → δ 
transformation (Figure 2.2a). If high enough concentration is added the bcc α-iron phase can be 
replaced until room temperature by the γ phase (Bhadeshia and Honeycombe, 2017). At high 






Like Ni, Mn is an austenite stabiliser; it opens the γ –region by decreasing the γ → α temperature. 
(Bhadeshia and Honeycombe, 2006; and Šalak and Selecká, 2012). 
iv) Molybdenum 
Mo is a ferrite stabilizer; it falls in a group of elements that restrict the formation of γ-iron causing 
the γ-region to contract to a small area referred to as the gamma loop (Figure 2.2c). This promotes 
the formation of bcc-Fe (ferrite) and the α and δ phase becomes continuous (Bhadeshia and 
Honeycombe, 2017). 
v) Cobalt 
Cobalt, like Mn and Ni, is also an austenite stabiliser (Bhadeshia and Honeycombe, 2017). It does 
not form carbides in steel.  
vi) Sulphur 
Sulphur is added in steel to improve the machinability of steel (Engström, 1983; and Šalak et al., 
2005). The presence of manganese lowers the solubility of sulphur in both γ- and α-iron, with the 
result that sulphur will react with manganese to form manganese sulphide (MnS) (Bhadeshia and 
Honeycombe, 2017). 
Steels are usually classified according to the alloy content (Figure 2.3) Generally, low alloys steels 
have less than 10wt.% alloying content. As will be indicated latter, the steel in this investigation is a 
low alloy, high carbon steel. 
 




2.2. Applications of iron and steels 
Iron and steel find applications in many industries such as recreational, automobile, aerospace and 
chemical processing among others. Some of the applications are shown in Table 1.1 together with 
the main alloying classes of steel. The industry of interest in this study is the automobile industry 
which is the major consumer of the PM parts. The ability to use PM to mass produce reliable 
precision parts consistently at a cheap rate is very attractive to the automotive industry 
(Ramakrishnan, 2013).  
 
Table 2.1: Types of steel and their applications (Callister, and Rethwisch, 2014). 
Steel Type Alloying Elements Level Applications 
Iron None Magnets, 
Plain Carbon Steel ≤ 0.8 wt.% Carbon Moderate strength, General purpose 
Low-alloy steel ≤ 10wt. % alloying elements High Strength Applications 
Stainless steel ≥ 11wt.% Chromium Corrosion resistance, Cutlery  
Tool Steel 
20-50 wt% alloying elements, > 0.4 wt.% 
Carbon, includes strong carbides former such 
as Cr, V, and W 
Wear resistance, tooling, cutting tools, 





2.3. Introduction to general powder metallurgy 
Powder metallurgy (PM), the science of pressing metal powders into a certain useful shape dates 
back to ancient times. Examples include the manufacturing of ornaments, precious objects and 
paints by the ancient Egyptians using gold, copper, lead and bronze powders around 3000 B.C., the 
6 ton Delhi iron pillar in India in Figure. 2.4, which was made around 300 A.D. and the 
manufacturing of weapons from iron powder by the Greeks in 800 to 600 BC in Greece (Plotkin & 
Fridman, 1974; and Ramakrishnan, 1983). In the 1920s, powder metallurgy made a break through 
with the production of tungsten carbides, tungsten filaments for bulbs, and production of porous 
bronze bushes for bearings. Further development in PM happened during the Second World War 
with the manufacturing of a variety of ferrous and nonferrous materials. (Upadhyaya, 2002). This 
led to a breakthrough in the automobile industry which saw the shock absorbing components being 
produced by PM in the 1950s. In the 1960s and 1970s large components and complicated shapes 
such as timing gear sprockets, synchroniser hubs, valve seats, belt pulleys and power steering parts 
were developed (Ramakrishnan, 2013). 
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Since then the PM industry has grown more rapidly primarily because, i) it can produce products 
like tungsten filaments from tungsten carbides which are difficult/impossible to manufacture 
through other methods, ii) it offers an economical advantage over casting and forging in that it 
minimises the machining and loss of scrap and iii) it saves energy. 
Today PM products are used in many industries such as, automotive, aerospace, biomedical, hand 
and cutting tools, household appliances, hardware and military, with the automotive industry being 
the biggest consumer, consuming approximately 70% of the ferrous products the industry produces 
annually (Figure 2.5) (Narasimhan, 2001; and Schauerte, 2016). 
 
Figure 2.4: The Delhi Iron Pillar (Ramakrishnan, 1983). 
 
 





2.4. Steps in powder metallurgy 
There are a number of steps necessary to produce a part using powder metallurgy. A typical PM 
process is shown in Figure. 2.6. The process starts with the production of powders. The powders are 
mixed together with lubricants/binders until a homogeneous mixture is obtained. The mixture is 
then loaded into a die and compacted under pressure, after which the compact is sintered in an 
appropriate furnace. 
 
Figure 2.6: Basic steps of the Powder Metallurgy Process 
 
2.4.1. Powder production 
There are many ways to produce metal powders. The powder manufacturing method determines the 
powder properties. The most widely used processes are atomisation, electrolytic methods, 
mechanical comminution, solid state reduction, and thermal decomposition. 
 
2.4.2. Mixing and Additives 
Alloying elements, lubricants and binders are added in the mixing process. The main aim of mixing 
is to provide a homogeneous mixture. Lubricants increase the flow rate, apparent density of the 
















density (Huang et al., 2002). In PM there are two methods in which alloying elements are 
introduced (Höganäs AB, 2013b) and the way alloy elements are introduced has a decisive 
influence on processing and properties. Either during atomization which results in a homogeneously 
pre-alloyed powder, or by mechanically blending of plain iron powder with the respective alloying 
elements in powder form, and letting the actual alloying process take place during sintering of the 
parts compacted from the powder mix. Both methods have their advantages and disadvantages. 
Pre-alloyed powders yield fully homogeneously alloyed sintered parts, but are usually harder, 
owing to solid solution strengthening, and thus less compressible. The blended elemental powder 
has higher compressibility and the composition of a powder mix can be easily changed by re-
mixing it with additional amounts of either iron powder or alloying elements. But this approach 
yields less homogeneously alloyed sintered parts because some of the admixed alloying elements 
diffuse very slowly in solid iron and also alloying elements tend to segregate when the powder mix 
is being transported and handled (Höganäs AB, 2013b; Danninger et al, 2013; and Danninger et al., 
2017). The only element that is almost exclusively admixed is carbon, which is added as fine 
graphite, since prealloying would result in quite hard and poorly compressible powders (Danninger 
et al, 2013). 
 
2.4.3. Compaction 
In compaction, pressure is used to form powders into desired shapes with close dimensional control. 
The main aim for compaction is i) to consolidate the powder into desired shape, ii) to make a 
compact with the desired level and type of porosity and iii), to form a compact with sufficient 
strength for subsequent handling (Upadhyaya, 2002). During pressing, powder particles rearrange 
as the applied pressure increases and the compacts maintain their shapes by means of mechanical 
interlocking and cold welding of the particles. The compaction process plays an important role in 
PM as the microstructures and properties of the final sintered powder compacts are strongly 
influenced by the quality of the green compacts (Panelli and Filho, 2001). 
There are various techniques to compact powders and the choice depends on the shape of the 
component. Some of the techniques used includes i) uniaxial pressing with single or double punch, 
ii) isostatic pressing, iii) powder forging and iv) powder rolling.  
2.4.3.1. Uniaxial/Die Compaction 
Die compaction is the most widely used method of shaping powders and is considered as the 
conventional technique. Powders are pressed to a desired shape and size in a rigid die under a 




Figure 2.7: Schematic of the die compaction process (ASM Metals handbook). 
According to Fischmeister and Arzt, (1983), densification during die pressing takes place by the 
motion of particles centres towards each other by mechanisms of particle rearrangement and 
deformation in three stages as shown in Figure 2.8. 
Stage 1  
The first stage of the compaction process is sliding and restacking of powder particles at low 
pressures, which leads to rearrangement of the powder from a loose array to close packing and does 
not contribute significantly to the densification. 
Stage 2 
In the second stage, as pressure is increases, the particles are more or less in a fixed arrangement. If 
the applied pressure is released before a critical state of deformation, the particles deform 
elastically. As the pressure increases further, in ductile materials, after reaching yield strength, the 
particles yield and start to deform plastically and for brittle materials, particles fragment into 
smaller units at fracture strength. 
Stage 3 
In the final stage, as the compact approaches full density plastic deformation of the particles 
becomes widespread and it is accompanied by other processes such as cold welding and its 
compressibility diminishes rapidly. 
There are so many effective parameters in compressibility behaviour of materials, such as intrinsic 
characteristics of the material, deformability, morphology, particle shape, inter-particle and 
particle/die wall friction, internal porosity, particle size distribution, distribution of reinforcing 
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particles (in the case of composite), presence of non-metallics, lubricating, alloying elements and 





Figure 2.8: Stages of densification of the powders during die compaction (Al-Mangour, 2015). 
Although there are certain shape limitations for uniaxial pressing, in terms of mass production and 
number of parts produced per year, uniaxial die compaction is the dominant technology for shaping 
metallic powders (Upadhyaya, 2002; and Danninger et al., 2017), due to it’s capability for precise 
dimensional control during pressing, the batch to- batch consistency and the high rates of 
production achievable in fully automatized systems (Danninger et al., 2017). This is the process that 
will be used for this study. 
2.4.3.2. Isostatic pressing 
In isostatic pressing, powder is placed in a flexible container, which serves as a mold and is tightly 
sealed against leakage. The mold is then placed inside a pressure vessel with hydraulic fluid and 
then pressurised to the desired pressure. The powder particles receive the same pressure in all 
directions, and the compact shrinks approximately isotropically during compaction (Koerner, 1978). 
2.4.3.3. Powder Roll Compaction 
Powder rolling, also called roll compacting is the process to produce metal strips. In this process, 
metal powders are fed from a hopper into a gap of rolling mill and comes out from the gap as a 
continuous compacted green strip. 
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Despite the wide variety of techniques, no single technique is applicable to all situations. This is 
mainly due to variation in physical and chemical properties of the powders, variability of the final 
part geometry, and the desired ultimate part properties. These factors must be coupled with the 




During sintering the compacted powder, now called green bodies, are heated to high temperature 
below the melting point to transform bonds formed during compaction into metallurgical bonds. 
Before sintering, any binder present in the green compacts is removed by heating and holding the 
compacts at a suitable temperature, in a process called delubrication/debinding. Debinding is an 
important step as lubricants have to be safely removed since their presence can have a negative 
effect on the subsequent sintering process (Karamchedu et al. 2015). If it’s not properly done it can 
result in deterioration of the purity of the atmosphere during sintering and can lead to oxidation of 
the powder (Karamchedu et al. 2011). However, it can be easily performed by using slow heating 
rate to avoid excessive pressures within the compact and possible expansion and fracture 
(Upadhyaya, 2002), and it is important that the delubrication should be conducted at the lowest 
possible temperature (400-600 oC) to avoid oxidation, as it increases with temperature (Hryha et al. 
2014). However, this work will not be focusing on determining the delubrication conditions of the 
PM steel powders under consideration. 
Sintering increases the density of the compacts and also promotes chemical homogeneity by 
diffusion of alloying elements, especially for parts made from blended powder mixes. Metallurgical 
bonding takes place by means of neck formation between powder particles. As necks form between 
particles and particles approach each other, a great number of highly curved surfaces disappear in 
the compact, this leads to shrinkage and densification of the compact (Djohari et al., 2009), as 
shown in Figure 2.9. The neck formation process is driven by the minimization of the free surface 
energy of particles and progresses through atomic diffusion mechanism. There are several 
mechanisms for material transfers during sintering and are: grain boundary diffusion, evaporation 
and condensation, lattice or volume diffusion, surface diffusion and viscous or plastic flow 
(Rahaman, 2003). Depending on the source of the diffusing atoms, there are two classifications of 




Figure 2.9: Stages in the sintering process (German, 2014). 
Figure 2.10 shows the possible atomic diffusion routes during sintering. In surface transport 
mechanisms atoms move from the surface of one particle to the surface of another particle 
(Rahaman, 2003), this process includes evaporation and condensation surface diffusion and volume 
diffusion from particle surface to the neck, as shown in Figure 2.10a. Surface transport mechanisms 
cause neck growth between powder particles and does not promote shrinkage or densification 
(Rahaman, 2003), instead resulting in coarsening (German, 2014). They are called non-densifying 
mechanisms because they do not contribute to pore shrinkage. Surface mass flow dominates most of 






Figure 2.10: Mass transport mechanisms during solid state sintering, a) surface transport; b) bulk 
transport (German, 2014) 
In bulk transport mechanisms, atoms move from the particle interior, mostly from the grain 
boundary region to the surface Figure.2.10b. Here the mass flow is driven by the vacancy 
concentration gradient for solid state sintering (German, 2014). Bulk transport includes plastic flow, 
grain boundary diffusion and volume diffusion from the grain boundary to the pore. Unlike surface 
transport, bulk transport results in particle movement, leading to shrinkage and densification 
(Rahaman, 2003) and (German, 2014). The sinter bond (necks) between the contacting particles is 
the critical region. It is the point where atoms are deposited to reduce the surface energy. Different 
mechanisms dominate at different points in the sintering process, and different materials exhibit 
different mechanisms. For example, evaporation and condensation occurs in systems having 
materials with high vapour pressure at the sintering temperature (e.g. Chromium and Manganese 
containing alloys) (Angelo and Subramanian, 2015). Amorphous materials such as glass and 
polymers densify by means of viscous flow where material flow depends on the viscosity of 
particles (Djohari et al., 2009). The powders in the current study are micron size and viscous flow is 
not expected to play any significant role during densification. Grain boundary diffusion is 
responsible for densification of most metals including nickel (Ni), tungsten (W), molybdenum 
(Mo), iron (Fe), copper (Cu) and various alloys (German, 2010). Generally, bulk transport 






2.4.4.1. Types of Sintering 
Generally, there are two types of pressure-less sintering, solid state sintering and liquid phase 
sintering. For the purpose of this dissertation more focus will be placed on solid state sintering, and 
only a brief description of liquid phase sintering will be given.  
 
2.4.4.1.1. Liquid Phase Sintering 
Liquid phase sintering (LPS) is sintering involving a coexisting liquid and solid phase during part or 
whole of the sintering cycle. The liquid phase amount must be small enough to be held by capillary 
force within the skeleton of the remaining solid phase so that the compacts retain their shape (ASM 
Handbook, 1998). The liquid phase wets the solid by spreading around the solid particles. This 
results in a rapid rearrangement of the solid particles leading to an increase in density. As such, 
densification rates can be greatly enhanced by the presence of a liquid. LPS allows for densification 
at lower temperatures than that of solid-state sintering. The disadvantages of liquid phase sintering 
include high distortion of the sintered product, deterioration of mechanical properties due to the 
solidification of brittle phases along grain boundaries and/or grain growth during sintering, the 
limitation of the final part in high-temperature applications, and thermodynamic factors, which can 
limit the choice of alloying elements (Huo et al., 2011). 
There are different variants in liquid phase sintering which differ in a few characteristics, namely, 
persistent, transient, reactive, and super-solidus approaches. 
• Persistent – occurs in mixed powders, in which one component melts and remains present 
during the sintering process. Usually, the solid is soluble in the liquid, while the liquid has a 
low solubility in solid; example WC-Co to form metal cutting tools 
• Transient – occurs in mixed powders in which a liquid forms then disappears by dissolving 
in the solid; example Fe-Cu-C to form structural components and Fe-P for soft magnets 
• Reactive – occurs in mixed powders where highly exothermic reactions occur to form, 
stoichiometric product; example MoSi2 for use as furnace heating elements and; 
• Super-solidus – occurs in pre-alloyed powder which is heated above its solidus line. The 
remaining solid is soluble in the liquid, liquid low solubility in solid; example tool steels for 
wear applications (German, 2014). 
LPS is a feasible means of densifying PM steels and other porous materials without adjusting the 
processing equipment and thereby considerably raising the production cost (Wu et al, 2017) and it is 
also a practical process for decreasing the porosity of PM steel (Wu et al, 2015). Low atomic 
number elements such as Phosphorus, Boron, and Carbon (Sundaram et al. 2018) or low melting 
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point alloying elements, such as copper and tin are well suited for activating LPS of iron-based 
powders (German & D'Angelo, 1984; and Wu et al, 2015).  
Boron additions have been found to significantly improve the densification of PM steel and 
properties (German & D'Angelo, 1984; Liu et al. 2000; and Sundaram et al. 2018). Boron forms a 
liquid with iron at 1174 oC due to the eutectic reaction γ Fe + Fe2B → Liquid (Sundaram et al. 
2018). Once the liquid forms, more iron will be dissolved in the liquid, which results in persistent 
liquid formation. Boron is introduced either as elemental boron or Ferro-boron, or master alloy. For 
this study a liquid phase based on boron is not expected because boron will not be used as an 
alloying element. 
A transient liquid phase with Mo has been reported in Fe-C-Mo powder mixtures during sintering at 
1275 °C (Danninger et al. 2005). 
 
2.4.4.1.2. Solid State Sintering 
Solid state sintering is the other common sintering type, where powder compacts are heated and 
sintered at temperatures below the melting point of any of the constituents. The sintering 
temperatures used are typically 50-90 % of the melting point. Densification takes place by means of 
atomic diffusion in the solid state. 
Solid state sintering is usually divided into three stages that follow each other, initial, intermediate 
and final stage. Figure 2.11 shows the typical densification curve of a compact through these stages 
over sintering time. 
i). Initial Stage 
In the initial stage of sintering, necks begin to form at the contact points between adjacent particles, 
as shown in Figure 2.9. This stage is also known as the neck growth stage. Its contribution to 
compact shrinkage is around 2–3% at most (Kang, 2005). Neck formation is driven by the energy 
gradient resulting from the different curvatures of the particles and the neck. The Surface transport 
mechanism is usually the dominant mass-transport mechanism in this stage and there is no 
significant shrinkage that takes place nor does porosity decrease (German, 2014). During this stage 
the pore structure is open, meaning gas can pass through the body and pores have irregular shapes 




Figure 2.11: Schematic showing the densification curve of a powder compact and the three sintering 
stages (Kang, 2005) 
ii). Intermediate Stage 
The intermediate stage starts when grain growth begins. In this stage necks continue to grow and 
overlap to form a smooth pore (Figure 2.12). Grain boundaries form within the neck between 
individual particles and grow as the necks merge and the pores form a network of interconnected 
cylindrical pores. At this point, bulk transport mechanisms such as grain boundary diffusion and 
volume diffusion dominate the sintering process removing the mass from the particle interior and 
depositing it onto the neck region. As stated previously, these bulk transport mechanisms result in 
contact flattening and densification. Grain growth happens at a faster rate as pores are removed, so 
the grain size progressively increases and the grain size exceeds the initial particle size (German, 
2014). Most of the property development takes place in this stage. Since neck growth (initial stage) 
eliminates curvature gradients, the driving force in the intermediate stage is the reduction in surface 
energy (Shi, 1999 & German, 2014). This stage progresses until 90-93% of the relative density 
(Kang, 2005 and German, 2014). By the end of the intermediate stage the pores are spherical and 





Figure 2.12: Schematic diagrams of the pore structure changes during sintering (Abosbaia, 2010) 
 
iii). Final Stage  
At the beginning of the final stage the pore network has completed its disconnection and only isolated 
pores remain (Dehoff, 2010). At this point the pore structure is closed meaning gas cannot permeate 
through the body. Since the pores are closed any trapped gas limit the end point density. Since 
curvature gradients and surface energy are both much reduced by the previous stages, sintering is 
much slower in the final stage, density increases slightly but grain growth happens very rapidly 
(German, 2014). As sintering proceeds, the microstructure can develop in different ways, grain 
growth (coarsening), pore shrinkage or growth, and pore migration, depending on the relative rates 
for densification (German, 2014). 
Isolated pores on the grain boundaries may shrink and disappear, resulting in densification and as 
full density is approached grain growth is accelerated (German, 2014). Grain growth takes place by 
coalescence or diffusion. Coarsening by diffusion occurs when two grains that differ in size 
exchange atoms across an interface and the larger grains grow at the expense of the smaller grains. 
Coalescence occurs when two grains come into contact with a low degree of crystallographic 
misorientation and fuse to form a single grain (German, 2010).  
Large pores are unable to remain attached to grain boundaries and they migrate and become 
stranded inside the grains due to pore drag. These pores remain stable and prevent further 
densification. If the pores contain a gas that is not soluble in the material being sintered, they act 





2.4.4.2. Process Variables During Sintering 
There are several adjustable variables that affect sintering.  Some of the material and process 
variables that have a major influence on sintering are discussed below: 
 
2.4.4.2.1. Temperature 
Temperature is the most important sintering variable. As already covered above, sintering takes 
place by different mechanisms, which both involve diffusion and are therefore thermally activated. 
Heat stimulates the atomic motion that allows sintering to happen and since atomic motion 
increases with temperature, increasing the sintering temperature greatly increases the rate and 
magnitude of any changes occurring during sintering because of increased diffusion (German, 
2010). 
For ferrous products, like investigated in the current study, sintering temperatures are typically in 
the range 1120 to 1280 °C (Danninger et al, 2013; and Danninger et al., 2017), depending on the 
material systems and the preparation method, especially on alloying and on the required properties. 
During sintering the interparticle contacts formed during pressing are transformed into metallic 
bridges that can bear substantial mechanical loads. In addition to the formation of stable sintering 
contacts, chemical homogenization also occurs. For blended elemental Fe based powders, chemical 
homogenization occurs when admixed alloying elements that are soluble in the iron matrix are 
gradually dissolved, depending on their diffusivity in iron. Carbon could be dissolved above 730 °C 
from the thermodynamic view, but in reality temperatures >900 °C are required to ensure fast and 
complete dissolution. For metallic alloy elements, much higher temperatures are required, owing to 
the slower diffusion. Some alloying elements like admixed Ni do not fully homogenize even at the 
highest temperatures, owing to the very slow solid state diffusion in Fe (Danninger et al, 2013). 
High temperature sintering ~1250 °C, is preferred for the production of high strength steels but its 
effect on possible grain coarsening of some alloys, must also be considered. In practice, continuous 
mesh belt furnaces are used to sinter steel components, they are cheaper to buy and operate but are 
usually limited to 1150 °C maximum and being open they are more prone to O2 and H2O 
penetration into the furnace atmosphere and at higher temperatures the belt life tends to decrease 
dramatically (Danninger et al, 2013; and Danninger et al., 2017). 
 
2.4.4.2.2. Time 
More holding time increase the degree of sintering, however longer holding times contribute to 





2.4.4.2.3. Green Density (Compaction Load)  
Compaction pressure repacks the particles while collapsing large pores between particles, thus 
increasing particle-particle contacts (more sinter necks form and grow) and smaller pore size 
(higher curvature), both factors driving faster sintering (German, 2014). And also higher green 
densities give higher green strength which is required for easy handling of components.  
Uniaxial die compaction is the standard shaping technique in ferrous PM (Danninger et al, 2013). 
The powder mixes are compacted in rigid tools at pressures of 300–800 MPa, resulting in absolute 
green density levels of 6.5–7.2 g/cm3, corresponding to a residual porosity of 16–8%. Higher 
density levels are difficult to attain because of increasing work hardening of the powders. High 
pressures up to 1000 MPa are applied in series production, although tool life is a critical factor here 
(Danninger et al, 2013). 
 
2.4.4.2.4. Particle Size 
Fine particles have higher surface energy and thus require shorter sintering times and results in 
higher final density compared to coarse particles (German and Bulger, 1992). Powders used for 
manufacturing of iron and steel parts are manufactured either by water atomization, which is 
dispersion of a melt by high pressure water jets, or by chemical reduction, coke being used as 
reducing agent and pre-alloyed steel powders are always produced by atomization. Atomized 
powders have an irregularly shaped, fully dense particles, while chemically reduced powders 
(‘sponge iron’) contain internal porosity. The particle size range is typically 40–140 µm, this has 
been found to have good flowability with high compressibility and sintering activity (Danninger et 
al, 2013). Elemental alloy powders are usually finer than the base powders, usually <45 µm as they 
have been found to provide several benefits such as higher strength, faster sintering and increased 
diffusion of alloying elements which leads to higher density and higher performance PM parts 
(Stephenson et al., 2004). Stephenson et al, (2002) found that finer Ni powder (≈1 µm) distributes 
more uniformly than standard Ni powder (8 µm) during sintering of steel compacts using SEM-
EDS elemental mapping. 
 
2.4.4.2.5. Sintering Atmosphere 
The main purpose of the sintering atmosphere during sintering of steels is to protect the material 
from oxidation, to reduce the oxide layer covering the surface of the metallic powder to maintain a 
clean metal surface to form contact necks so that material transport during sintering is not 
inhibited/hindered, and in some cases, to protect compacts containing carbon from decarburization. 
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The sintering atmosphere is also important in the initial stage of sintering during the removal of the 
lubricant or binder. (Šalak and Selecká, 2012; and Höganäs AB, 2013). 
There are several options available for sintering atmosphere for PM steel, and they are: vacuum, 
reducing-decarburizing, reducing-carburizing, and neutral. They are briefly discussed below. 
i). Vacuum  
Vacuum sintering involves heating in a closed vessel in the absence of atmosphere with a pumping 
mechanism continuously extracting out the evolved vapours out of the vessel, keeping the pressure 
between 10-3 and 10-7 atm (Upadhyaya, 2002; and German, 2014). Vacuum sintering is mostly used 
for reactive materials and refractory materials which are susceptible to the formation of hydrides, 
nitrides or oxides in gaseous atmospheres. 
Although vacuum is a non-reactive atmosphere, oxide reduction may still happen. This can be 
achieved by lowering the oxygen partial pressure coupled with the continual extraction of vapours 
in the vacuum chamber and, for PM steels, the addition of carbon in the material being sintered for 
the carbothermic reduction (Heaney, 2010; and German, 2014). The reduction of oxides by 
lowering the O2 partial pressure can be done for few compounds as most vacuum furnaces can only 
achieve 10-6 𝑃𝑃𝑂𝑂2. In iron sintering, for FeO to dissociate into Fe and O2, the Elingham diagram 
shows a 𝑃𝑃𝑂𝑂2 of 10
-12 is required which is not practical to achieve in the furnace. A reducing gas has 
to be added to the furnace atmosphere to reduce FeO. 
ii). Reducing Atmosphere 
Powders have a higher tendency to react with the surrounding environment and therefore, the 
surface of the powder particles are usually covered with an oxide layer that may hinder material 
transfer during sintering. This oxide layer needs to be removed for a smooth material transport 
during sintering. Protective gasses such as hydrogen (H2), cracked ammonia and endothermic gas 
(Endo gas) are used to reduce the oxide layers on metal powders during sintering of steel PM.  
H2 is used the most in PM steel because of its high reducing effect but it is mixed with inert gases 
usually nitrogen, often to mixtures containing 5-10% (vol. or wt.%) of hydrogen. At this ratio, the 
mixture is no longer explosive when in contact with air (Šalak, 1995; and Höganäs AB, 2013).  
Nitrogen-hydrogen mixtures are also obtained by cracked/dissociated ammonia, through the 
catalytic conversion of (NH3) into 25vol-%N2 and 75vol-%H2 (Blais, 2010) 
Endogas are produced by incomplete combustion of a fuel gas in a special generator. Common fuel 
gasses that are used are methane (CH4), propane (C3H8) or natural gas. The combustion product 
contains CH4, CO, CO2 H2, H2O and N2. 
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When sintering steel, it is very important to monitor the carbon potential in the atmosphere as poor 
carbon control can have a detrimental effect on the sintered properties of parts (Šalak, 1995). 
Environment containing high H2 % and cracked ammonia are not used in carbon containing iron 
powder parts because of their strong decarburising action (Šalak and Selecká, 2012; and Höganäs 
AB, 2013). Endogas is carburizing and therefore it is used in the sintering of steel containing carbon 
(Höganäs AB, 2013). Carburising is an increase in the carbon content of steel caused by the 
interaction with the atmosphere and decarburising is the opposite (Bhadeshia and Honeycombe, 
2017). 
iii). Inert Environment 
Inert gasses such as argon and helium are neutral sintering atmosphere. These gasses do not react 
with the material being sintered and do not have any reduction nor oxidation ability. These gasses 
are used in special cases in the sintering of very reactive and refractory metals such as titanium, 
zircornium and also as a back fill in vacuum furnaces (Upadhyaya, 2002). They are not used in 
many applications due to their high cost and lack of reducing ability. And also argon is insoluble in 
metals, and thus any Ar trapped in closed pores remains there, preventing further densification 
(Kang, 2005). 
 
2.5. Sintering Measurement Techniques 
To understand how microstructures develop and for optimizing the process variables to achieve the 
desired microstructures and mechanical properties, it is important to monitor the progress of 
sintering. This is achieved through monitoring dimensional change or density as a function of time 
or temperature (dilatometry), phase transition (differential scanning calorimetry (DSC) and 
monitoring mass losses through thermagravimetric analysis (TGA), and when possible, the gases 
emitted, also as a function of time or temperature. After sintering, an examination of the final 
microstructure using microscopy is also usually done. 
 
2.5.1. Dilatometer 
Dilatometry, is a useful means for monitoring dimensional change during heating. The test is 
performed by placing a compact (sample) in the furnace of a dilatometer (shown in Figure, 2.13) 
with a spring-loaded pushrod positioned against the sample. The external measuring transducer that 
uses electrical, magnetic or optical signals determines the instantaneous dimensions of the sample 
and a reference. As the sample changes dimensions (shrinks or expands), the probe motion sends a 
25 
 
signal to a computer along with temperature measurements from the thermocouple (Rahaman, 
2007; and German, 2014) 
 
Figure 2.13: Schematic of a horizontal pushrod dilatometer configuration. 
The shrinkage can be determined directly by measuring the initial dimensions and the dimensions 
after a given time t (or temperature T). The linear shrinkage is defined as ∆𝐿𝐿 𝐿𝐿𝑜𝑜� , where 𝐿𝐿𝑜𝑜 is the 
initial length and ∆𝐿𝐿 = 𝐿𝐿 − 𝐿𝐿𝑜𝑜, where 𝐿𝐿 is the length after time t. Swelling causes the dimensions to 
increase, so the parameter ∆𝐿𝐿 𝐿𝐿𝑜𝑜�  is positive, while if the dimension is smaller after sintering the 
process is termed shrinking and ∆𝐿𝐿 𝐿𝐿𝑜𝑜�  is negative (Rahaman, 2007; and German, 2014). A plot of 
density or shrinkage (y-axis) versus sintering time (x-axis) gives sintering kinetics as shown in 
Figure 2.14 while a plot of the rate of shrinkage versus temperature, as shown in Figure 2.15, gives 
an indication of the temperature of most intense sintering (German, 2014). Dilatometer 
measurements can also be used to determine thermal expansion (the gradient of AB in Figure 2.14) 
and for identification of phase transformation temperatures (CD and GH in Figure 2.14). 
. 
 




Figure 2.15: A dilatometry plot for Fe-Ni compacted powders (Hwang and Shiau, 1996). 
 
2.5.2. Differential Scanning Calorimetry/ Thermogravimetric Analysis (DSC/TGA) 
DSC is a thermal analysis technique that measures the energy absorbed or emitted by a sample as a 
function of temperature or time. When a phase transition occurs, DSC provides a direct calorimetric 
measurement of the transition energy at the transition temperature by subjecting the sample and an 
inert reference material to identical temperature regimes in an environment heated or cooled at a 
controlled rate. DSC tests can be used to determine the melting, crystallization, transformation, 
reaction temperature, and thermodynamic parameters such as enthalpy, entropy, and specific heat. 
(Zhan et al, 2007). Phase transformations cause either exothermic or endothermic peaks. 
Exothermic transformations release, while endothermic transformations absorb, heat. An example 
of DSC curves is given in Figure. 2.16 for Fe-Mo based powder compacts containing various 
amounts of a Ni-Mn-B master alloy introduced to promote liquid phase sintering 
 
 
Figure 2.16: DSC curves for Fe–Mo with Ni-Mn-B master alloy (Sundaram et al. 2018). 
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Thermogravimetric analysis (TGA) of PM steels measures the mass change on heating from events 
such as debinding/delubrication, outgassing, oxidation or reduction, or reactions with the process 
atmosphere—sample mass is recorded versus an inert standard (platinum or alumina) during 
constant rate heating. Most mass changes measured on TGA curves for PM steels are due reduction 
of oxides. Figure 2.17 shows a typical TGA curve for a plain carbon PM steel, showing a mass loss 
at about 800°C, which was caused by the reduction of oxides on the surface of Fe particles by 
carbon – the gas evolved was determined using mass spectroscopy to be carbon monoxide (CO). 
 
 
Figure 2.17: TGA curve of a Fe-C powder compact (de Oro Calderon et al. 2017). 
 
2.6. Effects of alloying elements during sintering of PM steels.  
In order to achieve the desired (mechanical) properties in sintered ferrous materials, carbon and 
other alloying elements have to be introduced. Addition of alloying elements within a metal can 
also influence the sintering kinetics (Upadhyaya, 2002), shrinkage behaviour (Höganäs AB. 2015) 
and the sinterability. Generally, alloying elements have the same effect on properties of sintered 
steels as on conventional steels. However, alloy compositions of sintered steels for structural parts 
have to be carefully selected not only on the basis of desired strength but also considering 
dimensional stability during sintering. This section reviews the alloying elements that have been 
used in this study. 
 
2.6.1. Carbon 
Carbon (C) influences the properties of iron more profoundly than any other element and more 
usefully. It is the cheapest alloying element and is present in almost all steels except for the ones 
where the strengthening and hardening effect of carbon is not required (Šalak, 1995).  
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In the production of sintered steel it is introduced in iron as elemental carbon natural or synthetic 
graphite (Danninger et al., 2001), as a carbide or in other master alloys containing carbon or pre-
alloyed with iron (Šalak et al., 2005). During sintering C dissolution start around 750 oC, but occurs 
mainly at 800-950 oC (Šalak et al., 2005). This causes a premature transformation of α → γ -iron 
phase in sintered steel (Šalak, 1995). The introduction of C into γ –iron increases the dimensions 
during sintering. This increase increases with the carbon content. When the dissolution process is 
complete, dimension shrinkage occurs during holding time at the sintering temperature. This 
shrinkage increases with the carbon content. However, the extent of shrinkage during sintering is so 
large that the initial increase of the dimensions is already counterbalanced after holding (Šalak, 
1995; and Šalak et al., 2005). 
 
2.6.2. Nickel  
Nickel (Ni) is the second mostly used alloying element in PM of steel (Šalak et al., 2005). It is 
usually added in amount between 2—8 wt% to improve the mechanical properties of carbon steels 
(Chan and Lin, 1997). At high temperatures it forms substitution solid solution with Fe. At 
conventional sintering temperature of PM steel of 1120 oC, the diffusion rate of Ni into iron is very 
slow (Figure 2.18) compared to other alloying elements such as C, Copper (Cu), manganese (Mn) 
and molybdenum (Mo) (Nabeel et al, 2004). This results in an inhomogeneous microstructure 
containing Ni rich areas (NRA) after sintering, with the high Ni concentration on regions of 
interparticle necks compared to the cores (Šalak et al., 2005). Phases present in the NRAs can range 
from or include a combination of phases ranging from soft austenite and ferrite to hard bainite and 
martensite (Gething et al., 2005; and Sainz et al., 2007) mainly depending on the local nickel 
content and cooling rate (Bernier et al., 2011). Steel containing Ni is sintered at 1200 oC to improve 
the diffusion process of Ni into iron. Ni promotes shrinkage of the sintered part. Ni addition 
improves the mechanical properties of PM steel components by increasing strength, impact 





Figure 2.18: Diffusion rate of nickel atoms into α- and γ-iron (Šalak et al., 2005). 
 
2.6.3. Manganese 
Among the elements used in the alloying of steel, manganese (Mn) is the cheapest.  Manganese can 
be added to iron powder mixtures as elemental manganese, ferromanganese, master-alloys 
containing manganese or some special high manganese– carbon (Šalak et al., 2005). Manganese 
increases the hardenability of steel as shown in Figure 2.19 (Šalak and Selecká, 2012). It also forms 
sulphur rich precipitates (MnS) which improve the machinability of steel (Šalak et al., 2005; 
Kawata and Maki, 2007; and Luiz and Machado, 2008) and also reducing the tendency of sulphur to 
embrittle the steel. 
 




However, elemental Mn is not widely used in the PM steel because of its high affinity for oxygen 
and its ability to form a stable MnO which cannot be reduced by hydrogen. Unlike other powder 
alloying systems, alloying of iron and manganese in a compact occurs in solid phase (iron powder)–
gas phase (manganese vapour, around 700 oC, The Mn sublimes then condenses on the iron powder 
particle surface (Šalak et al., 2005; and Cias, 2015). During sintering Mn causes compacts to 
expand (Figure 2.20), this expansion is caused by Mn phase transformation that is, at 727°C (α → 
β), 1100°C (β → γ) and 1136°C (γ → δ) (Šalak and Selecká, 2012).  
 
Figure: 2.20: Dilatometric graphs for Fe–x%Mn–0.7%C (Danninger et al, 2005) 
Zapf et al, (1975) investigated the effects of Mn content on steel and found that manganese has a 
negative influence in the sintered density as it decreased with addition of Mn content. Similar 
observations were made by Danninger et al, 2005; Dudrová et al. (2005); Šalak and Selecká, (2012) 
(Figure 2.21), and Ionici & Dobrota, (2013). This was attributed to the continuous manganese 
sublimation which is also responsible for the increasing expansion of the sintered compacts as 
shown in Figure 2.20. 
 




Molybdenum (Mo) can be added to iron powder as elemental Mo, ferromolybdenum or as carbides. 
Mo is added in amount ranging from 0.15-1.5% to promote heat treatment response as well as 
increase tensile strength, toughness and hardness of steel. It is a strong carbide former and has lower 
affinity for oxygen. It is the most commonly used carbide-forming element in sintered steels (Šalak 
et al., 2005).  For wear-resistant sintered steels, 2–3% Mo is added (Šalak et al., 2005). 
Smith and Watantbe, (1977) studied the Fe-Mo-C composition additions to iron powder at 1125 – 
1200 oC and found that there was some moderate dimension increase during sintering and melting 
was also detected.  The same behaviour was also observed by Danninger et al. (2005), who reported 
that for the Fe-Mo-C system, there is a transient liquid phase that forms at about 1240 oC and that 
the expansion during sintering is due to the transient liquid phase that forms penetrating the 
particle-particle contacts. Danninger et al. (2005), also found that the dimensions increase with the 
molybdenum content, as shown in Figure 2.22. 
 
 
Figure 2.22: Dilatometric graphs for Fe–x%Mo–0.7%C (Danninger et al, 2005). 
 
2.6.5. Cobalt 
Cobalt (Co) is rarely used in PM steel because of its high cost (Fujitsuka et al., 2004). Its use is 
restricted to high-speed steels, hot-forming tool steels, maraging steels, and creep-resistant and 
high-temperature materials. Cobalt does form carbides in steels. It decreases the amount of retained 
austenite in alloy steels (Stiller et al. 1984; and Sinha et al., 2006) and promotes precipitation 
hardening as well (Sinha et al., 2006). Dilatometric studies on the effect of Co on sinterability of 




Sulphur (S) is added in PM steel to improve the machinability of the steel (Engström, 1983; and 
Šalak et al., 2005). The presence of manganese lowers the solubility of sulphur in both γ- and α-
iron, with the result that sulphur will react with manganese to form manganese sulphide (MnS) 
(Bhadeshia and Honeycombe, 2017).  
Sulphur can be introduced in the system in elemental form in small quantities in iron powder mixes 
forming iron and manganese sulphides in sintered alloys, in the form of pre-alloyed powders 
containing a higher level of sulphur and manganese and addition of manganese sulphide (MnS) in 
the form of fine powder (Šalak et al., 2005). Adding sulphur as manganese sulphide (MnS) was 
found to be very effective for enhancing machinability while having only minor effects on the 
dimensional changes during sintering, mechanical property of the part and no effect on the 
microstructure (Šalak et al., 2005). When manganese is not present at sufficient concentrations, 
sulphur reacts with iron to produce a low-melting phase iron-sulphide, FeS, which has a melting 
point of 1190 °C, and forms a eutectic with γ-Fe at 988 °C. The liquid phase has been found to be 
beneficial in enhancing sintering and sealing the interconnected porosity (Bockstiegel, 1962; and 
German & D'Angelo, 1984) but has a negative effect on the ductility of steel (German & D'Angelo, 
1984).  
    
2.7. Design of Experiments (DoE) 
Sintering is a complex process, with many variables that require optimizing in order to produce 
defect free components that have the desired properties. To reduce the number of experiments that 
would be required for optimization, Design of Experiments (DoE) techniques can be used to plan 
the experiments. 
The DoE approach assumes a system (Figure 2.23) with controllable variables (x), input factors, 
being transformed into outputs, called responses. (Montgomery, 1999). Any uncontrollable 





Figure 2.23: General model of a system (Montgomery, 1999) 
 
The objectives of the experiment may include the following: 
i. to determine which variables are most influential on the response(s) (y),  
ii. to determine where to set the influential x’s so that the response or responses are almost 
always near their desired target values,  
iii. determine where to set the influential x’s so that the variability in the response(s) is small or, 
iv. to determine where to set the influential x’s so that the effects of the uncontrollable variables 
on the response(s) are small. 
Design of Experiments (DoE) is the process of planning, designing and analysing the experiment so 
that valid and objective conclusions can be drawn effectively and efficiently (Antony, 2014). The 
objective of DoE is the selection of the points where the response should be evaluated. If the 
experiment is poorly designed, then resulting data does not contain much information and not much 
can be extracted, no matter how thorough or sophisticated the analysis may be. 
Optimizing refers to improving the performance of a system, a process, or a product in order to 
obtain the maximum benefit from it (Bezerra et al, 2008). Among the most relevant multivariate 




2.7.1. Response Surface Methodology 
Response surface methodology (RSM) is a collection of mathematical and statistical techniques that 
are useful for the modelling and analysis of problems where several independent variables influence 
a dependent variable or response with the aim to optimise this response (Montgomery, 2001).   
RSM answers different kinds of questions, such as the following (Khuri and Mukhopadhyay, 2010):  
i. How is a particular response affected by a given set of input variables over some specified 
region of interest? 
ii. To what level are the inputs to be controlled, to give a product simultaneously satisfying 
desired specifications? 
iii. What values of inputs will yield a maximum for a specific response and what is the nature of 
response surface close to the maximum? 
In most RSM problems, the form of the relationship between the response and the independent 
variables is unknown. Thus, the first step in RSM is to find suitable approximation for the true 
functional relationship between 𝑦𝑦 and the set of independent variables (Montgomery, 2001). Two 
models are commonly used for this, which is the first order model, equation 1  
𝑦𝑦 =  𝛽𝛽0 +  𝛽𝛽1𝑥𝑥1  +  𝛽𝛽2𝑥𝑥2 + ⋯+  𝛽𝛽𝑘𝑘𝑥𝑥𝑘𝑘 +  𝜀𝜀 ………1 
where 𝑥𝑥1, 𝑥𝑥2 𝑎𝑎𝑎𝑎𝑎𝑎 𝑥𝑥𝑘𝑘 are input variables, 𝛽𝛽0 𝑎𝑎𝑎𝑎𝑎𝑎 𝛽𝛽𝑖𝑖 are regression coefficients and 𝜀𝜀 is an error 
associated with the model. 
The first model is used in the initial phase of the experiment to assess the important factors and if 
there is curvature in the system, then a polynomial of higher degree must be used, such as the 
second order model (Montgomery, 2001). 
𝑦𝑦 =  𝛽𝛽0 +  ∑ 𝛽𝛽𝑖𝑖𝑥𝑥𝑖𝑖𝑘𝑘𝑖𝑖=1  +  ∑ 𝛽𝛽𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖2𝑘𝑘𝑖𝑖=1 + ⋯+ ∑∑ 𝛽𝛽𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖𝑥𝑥𝑖𝑖𝑖𝑖<𝑖𝑖 +  𝜀𝜀 …….2 
The second model is subsequently developed after a series of experiments have been performed 
resulting in the identification of the important factors to be considered in the experiment. And it’s 
used in doing data analysis to determine significance of the model’s parameters, estimate the mean 
response, determine the interaction between the different experimental variables, and to arrive at 
optimum operating conditions on the control variables that result in a maximum or a minimum 
response over a certain region of interest. (Khuri, 2017). 
To estimate the parameters in the approximating polynomials, the least square method is used. The 
response surface analysis is then performed using the fitted surface; If the fitted surface is an 
adequate approximation of the true response function, then analysis of the fitted surface will be 
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approximately equivalent to analysis of the actual system.  If proper designs are used to collect data, 
the model parameters can be estimated effectively. Designs for fitting response surface are called 
response surface designs (Montgomery, 2001). Among the more known second order designs are 
the three-level factorial design, Box–Behnken design, central composite design (CCD), and 
Doehlert design. These designs differ from one another with respect to their selection of 
experimental points, number of levels for variables, and number of runs and blocks. Only CCD will 
be discussed in this work. 
 
2.7.1.1.Central Composite Design 
Central composite design (CCD) is the most popular of all second-order designs and very efficient 
for fitting the second order model (Montgomery, 2001). It consists of the following parts: (1) a full 
factorial or fractional factorial design; (2) an additional design, often a star design in which 
experimental points are at a distance˛α from its centre; and (3) a central point. Figure 2.24 shows an 
example of the central composite design for optimization of two and three variables. 
 
 
Figure 2.24: Central composite designs for the optimization for the optimization of: (a) two 
variables k= 2; and (b) three variables, k = 3 
 
Full uniformly rotatable central composite designs present the following characteristics: 
i. Require an experiment number according to 𝑁𝑁 =  2𝑘𝑘 + 2𝑘𝑘 +  𝑎𝑎0 where 𝑘𝑘 is the factor 
number and 𝑎𝑎0is the replicate number of the central point; 
ii. All factors are studied in five levels of coded units (−α, −1, 0, +1, +α)  
𝛼𝛼- values depend on the number of variables and can be calculated by 𝛼𝛼 =  (2𝑘𝑘)0.25.  




Coding is a simple linear transformation of the original measurement scale. If the "maximum" value 
is 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚 and the "minimum" value is 𝑋𝑋𝑚𝑚𝑖𝑖𝑚𝑚 (in the original scale), then the scaling transformation 
takes any original 𝑋𝑋 value and converts it to 𝑋𝑋− 𝑚𝑚
𝑏𝑏
,  
Where 𝑎𝑎 =  𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚+ 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚
2
, and 𝑏𝑏 =  𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚− 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚
2
. To go back to the original measurement scale, just 
take the coded value and multiply it by 𝑏𝑏 and add 𝑎𝑎 or, 𝑋𝑋 = 𝑏𝑏(𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐𝑎𝑎 𝑣𝑣𝑣𝑣𝑎𝑎𝑣𝑣𝑐𝑐) + 𝑎𝑎.  
 
2.7.1.2.CCD in sintering studies 
Recently, researches have successfully used RSM with CCD to optimize and study the interaction 
of parameters during sintering of metals and ceramics. Bardhan et al (2010) used CCD to 
understand the variation of the sintered density of pure iron powder with respect to the variation of 
process parameters, compaction load, sinter temperature and sintering time.  
Li et al. 2013a and Li et al. 2013b used CCD to optimize the sintering process of MgO- ZrO2 and 
CaO-ZrO2 respectively with the aim of improving the relative density and bending strength of the 
materials. Mendes et al. 2017 employed CCD to evaluate the sintering parameters necessary to 
achieve a critical grain size condition of 3 mol.% Y2O3- ZrO2. 
Singh et al. (2018) evaluated the effect of single factor and interaction effects of process parameters 
sintering temperature, heating rate, and holding time on the output responses compressive yield 
strength, density, and volumetric shrinkage of a titanium alloy, Ti-6Al-4V powder, using CCD. 
They observed that sintering temperature was the most significant parameter and the heating rate 
was found to have no contribution to both compressive strength and shrinkage.  
Mohammadzadeh et al. 2014 applied CCD to model and optimize the effect of sintering variables 
on densification of pre-alloyed Cu28Zn brass powder during supersolidus liquid phase sintering and 
concluded that CCD is an economical way to obtain arbitrary information with performing the 







2.8. Summary of Literature 
This literature review indicated that the powder metallurgy of steel is well researched. The effect of 
some individual alloying elements and sometimes combinations of alloying elements, on the 
sintering behaviour of iron has been investigated using dilatometry and DSC/TGA studies. 
However, the countless alloy compositions achievable by powder metallurgy provides new 
materials whose sintering behaviour is yet to be determined. Hence research on ferrous powder 
metallurgy is an ongoing activity. Also, the properties of such new alloy compositions, especially 
density, need to be optimized. Studies to optimize such properties, using design of experiment 
techniques like response surface methodology, while they have been found to be economical, are 
currently still rarely used on Fe-based powders. This research therefore set out to explore the 
sintering behaviour of new Fe-based powders, and then subjected them to optimization studies to 
determine press and sinter parameters that could provide a high sintered density. The materials and 






Chapter 3: Materials and Method 
 
3.1. Introduction 
This chapter provides a detailed description of the materials investigated, the equipments and the 
methodology (from characterization of the starting powders, blending to powder consolidation and 
characterization of the sintered structures) used. 
 
3.2. Materials 
The powders used in this work were sponge Fe powder (W100.25) from Höganäs AB, Nickel (<50 
µm) from Sigma Aldrich, spherical cobalt (-150 +45 µm) from Alfa Aesar, Molybdenum (MO-102) 
(-90 +45 µm) from Praxair Surface Technologies, Inc, Graphite (<20 µm) from Sigma Aldrich, 
Sulphur (-100 mesh) from Sigma Aldrich, Manganese (-45 µm) and a custom water atomized pre-
alloyed steel powder from Höganäs AB. The pre-alloyed powder contained 0.7% of add mixed 
lubricant. The composition of the pre-alloyed powder and its blended elemental (BE) mixture 
equivalent is given in Table 3.1. In order to investigate the effect of the different alloying elements 
on the sintering behaviour of the BE powder blends, combinations of powders were blended as 
indicated in Table 3.2 for analysis. 
 
Table 3.1 Composition of Powder Mixtures 
Elements C Co Mn MnS Mo Ni S Fe 
Blended Powder (BE) 0.9 3.59 0.63 - 2.63 1.45 0.63 Balance 
Pre-Alloyed Powder (PA) 0.9 3.59 - 0.63 2.63 1.45 - Balance 
 
Table 3.2: Chemical compositions for specimens to study the influence of alloying elements 
Powder Mixture 
Chemical Composition (Wt.%) 
C Mn S Co Mo Ni Fe 
Fe - - - - - - Bal. 
Fe-C 0,9 0,63 - 
 
- - Bal. 
Fe-C-Mn-S 0,9 0,63 0,63 
 
- - Bal. 
Fe-C-Mn-S-Co 0,9 0,63 0,63 3,59 - - Bal. 
Fe-C-Mn-S-Mo 0,9 0,63 0,63 - 2,63 - Bal. 
Fe-C-Mn-S-Ni 0,9 0,63 0,63 - - 1,45 Bal. 
Fe-C-Mn-S-Co-Mo-Ni (BE) 0,9 0,63 0,63 3,59 2,63 1,45 Bal. 






3.3.1. Morphology of the as Received Powders 
The Jeol JSM-6510 Scanning Electron Microscope (SEM), shown in Figure 3.1 was used to 
characterise the as-received powders for morphology and mixed powders were characterized for 
homogeneity and chemical composition. The powdered samples were attached to a carbon 
conductive tape. The signals used for characterization were secondary electron imaging (SEI) for 
morphology and the back scatter electron (BSE) signal with X-ray mapping for homogeneity and 
chemical composition. 
 
Figure 3.1: The Jeol JSM-6510 Scanning Electron Microscope (SEM) 
 
3.3.2. Particle Size and Size Distribution 
The particle size distribution of the used powders was determined using the Microtrac Bluewave 
laser particle analyzer (Microtrac Inc, Bluewave, USA) using distilled water as the dispersant 





Figure 3.2: Microtract Bluewave Particle Size Analyser 
The analyser works on the principle of laser diffraction (LD). The LD method involves the 
detection and analysis of the angular distribution of scattered light produced by a laser beam 
passing through a dilute dispersion of particles (Slotwinski et al., 2014).  The total scattering or 
diffracted light pattern is mathematically inverted to give a particle size distribution of spheres that 
would give the equivalent scattering pattern. The surface area is calculated from the diameter 
distribution of the spherical particles. In general, the LD method requires that the particles be 
dispersed, either in liquid (suspension) or in air (aerosol). The former is commonly referred to as the 
“wet” method (LD-W), while the latter is termed the “dry” method (LD-D). In the wet method, the 
powder sample must first be dispersed into a non-reactive liquid carrier such as alcohol (Slotwinski 
et al., 2014).   
 
3.3.3. Powder Blending 
To prepare the blended mixtures, powders were dry mixed in a Type T2C TURBULA® Mixer, 
(Figure 3.3). Different powder mixtures were prepared for this work. The first set of powder was for 
the compressibility and optimisation experiments and the composition is given in Table 3.1. Powder 
mixture of mass 1 kg was prepared by carefully weighing out the individual powders and the 
mixture was mixed for an hour. The second set of samples was for DSC/TG analysis and 






Figure 3.3: Type T2C TURBULA® Mixer 
 
3.3.4. Flow Rate and Bulk Density (Apparent Density and Tap Density) 
The determination of powder characteristics is important because they affect powder handling and 
compaction/consolidation. Bulk density measurements of powders include apparent density and tap 
density measurements as described below. 
 
3.3.4.1. Apparent Density 
Apparent density of a metal powder, or the weight of a unit volume of loose powder expressed in 
grams per cubic centimetre, is one of the fundamental properties of a powder. This characteristic 
defines the actual volume occupied by a mass of loose powder, which directly affects processing 
parameters such as the design of compaction tooling and the magnitude of the press motions 
required to compact and densify loose powder (Carson & Pitternger, 1998). Apparent density of a 
metal powder depends on the density of the solid material, particle size, particle size distribution, 
particle shape, surface area and roughness of individual particles, and particle arrangement (Carson 
& Pitternger, 1998). Apparent density is strongly affected by particle size. It decreases with 
decreasing particle size, decreases as the particle shape becomes less spherical and more irregular, 
decreases with increasing surface roughness, and is frequently controlled by mixing various sizes of 
particles (Carson & Pitternger, 1998). 
The apparent density of the two powder mixtures was done according to ASTM D7481-09 using a 
graduated cylinder. A known mass of powder, 100 g of powder was gently introduced in a 100 ml 
graduated cylinder without compacting/shaking the cylinder and the volume was noted, without 
compacting/shaking the cylinder. This volume was used to calculate the apparent density using the 
formula: 𝜌𝜌 = 𝑚𝑚 𝑉𝑉⁄  
where 𝜌𝜌 is the density in 𝑔𝑔 𝑐𝑐𝑚𝑚3⁄ , 𝑚𝑚 is the mass in 𝑔𝑔𝑔𝑔𝑎𝑎𝑚𝑚𝑔𝑔 and 𝑉𝑉 is the volume in 𝑐𝑐𝑚𝑚3. The 




Figure 3.4: Ohaus explorer EX 224 balance 
 
3.3.4.2. Tapped Density  
Tap density is the density of a powder when the volume receptacle is tapped or vibrated under 
specified conditions. Tapping or vibrating a loose powder results in movement and separation and 
lowers the friction between the powder particles which leads to powder packing and in a higher 
calculated density of the powder mass (Carson & Pitternger, 1998). Tap density is always higher 
than the free-flow apparent density. Tap density is a function of particle shape, particle porosity, 
and particle size distribution. It is commonly included as a control specification for metal powder, 
but is used in other industrial applications as a practical measure of the degree of powder packing 
that occurs in containers (Carson & Pitternger, 1998). 
To determine the tapped density, the powder used to determine the apparent density was then 
tapped until there was no change in volume. The tapping was done manually and the tapped density 
was determined after 300 taps. This was done according to ASTM D7481-09. 
 
3.3.4.3. Flow rate 
The flow of powder is defined as the time taken for a mass of powder to flow through a standard 
sized funnel. Flow is influenced by friction between the powder particles themselves and against the 
funnel wall and also by the surface roughness of the powder (Carson & Pitternger, 1998). Finer 
particles, less than 60 μm, have a larger surface area, which increases the inter-particle frictional 
force of the powder and causes the formation of stagnant regions or bridges, thus preventing free-
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flow through the funnel (Carson & Pitternger, 1998). Different proportions of particles size blend 
can provide a powder with optimal flow properties, where the small particles fill the voids created 
by the large particles. Particle shape and surface roughness also have an influence, for example, 
coarse dendritic shapes have poor flow characteristics due to mechanical interlocking of particles. 
Rougher surfaces cause mechanical interlocking of neighbouring particles in the early stages of die 
fill, as well as increased surface area to volume ratio, which increases friction and reduces flow 
(Carson & Pitternger, 1998). 
The flow rate of powder mixtures was determined according to ASTM B213–03 using a Hall 
flowmeter, shown in Figure 3.5. Samples of powders, of mass 50 g were poured into the Hall 
flowmeter funnel and the time they took to drain out was determined using a stop watch. 
 
 
Figure 3.5: Hall Flow meter 
 
3.3.5. Powder Consolidation/Compaction  
An Enerpac® press with a 100 Ton capacity (Figure 3.6) was used for the compaction process. The 
press is a single action conventional hydraulic press that operates at room temperature. Two sets of 
dies were used to produce the required compacts for this work. The first die set produced compacts 
of 10 mm diameter and 10 mm height for the dilatometer test, while the second die set produced 
compacts of 15 mm diameter for the compressibility and press and sinter parameters optimisation 
experiments, henceforth, optimisation experiments. 
The Initial compaction test was carried out to produce compacts to study the compressibility of the 
powder mixtures.  Compressibility was done according to ASTM standard B331 – 16 and 5g of 
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powder was used per specimen. Pressing was done at room temperature from 55-1340 MPa. During 
consolidation of the BE powder, no lubricant was applied on the die wall or in the powder mixture. 
Two compaction pressures, 420 and 1100 MPa were subsequently chosen to be used to press 
specimens for the optimisation experiments. Specimens for dilatometer were pressed at 1100 MPa. 
Throughout this work, to differentiate between specimens made from the blended elemental powder 
from the pre-alloyed powder, specimens will be denoted by PA for pre-alloyed powder and BE for 
specimens made from the blended elemental powder. 
 
 
Figure 3.6: Enerpac Hydraulic press 
 
3.3.6. Green Compact Characterization 
The compacts generated from the powder consolidation runs (Section 3.3.5) were characterized 
only for green density. The density was calculated from the geometry and mass of the pressed 
compacts. The pressed samples were weighed with a precision mass balance, in Figure 3.4. The 
volume of the compacted samples was calculated from at least five diameter and height 
measurements with a vernier calliper. From the mass and calculated volume, the samples’ green 
densities were calculated. 
 
3.3.7. Dilatometry studies 
To study the sintering behaviour of the powders, a horizontal pushrod Bahr Dilatometer (DIL 
805D), in Figure 3.7, was used to accurately measure the dimensional change during controlled 
temperature heating/cooling. A heating rate of 20 K/min was used to get to 1200 oC where the 
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specimens were soaked for 60 minutes. Before starting the experiment, the dilatometer was 
evacuated and further flushed three times using high purity Argon gas. 
 
 
Figure 3.7: Bahr Dilatometer (DIL 805D) 
 
3.3.8. DSC/TG analysis 
The thermal behaviour of the powders was determined using a Netzsch simultaneous thermal 
analyser STA 449 F3 Jupiter®. The analyser is equipped with a DSC sensor which allows both 
DSC and TG measurements in one run. Small pieces were cut from the compacts and carefully 
crushed to form particles of around 1-1.5 mm in size. Approximately 250-300 mg of the crushed 
powders was placed into small alumina crucibles, which were placed in the analyser. The system 
was evacuated and flooded with high purity argon for three times before each test run. All the runs 
were performed using heating and cooling rate of 20 K/min up to 1200 oC and holding for 60 
minutes. A calibration run was performed before starting the actual measurements with the same 
temperature profile, using same crucible material and atmosphere. Figure 3.8 shows an image of 





Figure 3.8: Netzsch Simultaneous DSC/TG STA 449 F1 Jupiter. 
 
3.3.9. Sintering 
In this work, Response Surface Methodology (RSM) with Central Composite design (CCD) was 
used to optimize the sintering parameters/conditions of the pressed compacts in order to maximize 
the sintered density. The influence of the following three factors on the sintered density was 
investigated: sintering temperature, sintering time and the Hydrogen content. The compacts were 
pressed at two different loads, 420 and 1100 MPa. 
 
Table 3.3 shows the process parameters (independent) and their coded levels. The experimental 
design used an inscribed CCD, where axial points are located at factor levels −1 and 1, while 
factorial points are brought into the interior of the design space and located at distance 1/α from the 
centre point. For a rotatable design, 𝛼𝛼 = ∜(2𝑘𝑘)=1.68 (for k=3). The absolute intermediate values X 
between the lower Xmin and upper Xmax, i.e., uncoded, values of a factor, corresponding to 
respective coded values (-1/α, 0, and +1/α) were obtained by a simple linear transformation of the 
original measurement scale, namely: 
 










The absolute lower and upper parameter values were obtained from literature. Lowest and highest 
sintering time for Fe-based powders in literature are listed as 30 and 60 minutes, while sintering 
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temperatures are 1120 and 1250 oC respectively. The hydrogen content in the sintering 
environments was limited to 10% 
 
Table 3.3: Independent process parameters and corresponding levels  
Parameter (Factor) Short Description Unit 
Coded levels and Corresponding Absolute Levels 
-1 -1/α 0 1/α  1 
X1 Sintering Time min 30 36 45 54 60 
X2 Sintering Temperature oC 1120 1146 1185 1224 1250 
X3 Hydrogen Content % 0 2 5 8 10 
 
In this work experiments having 3 factors, 20 tests were performed, consisting of 2k the factorial 
points (8) (also cube points), 2k star/axial points (6), and nc centre points (6). Table 3.4 shows the 
experimental runs and their uncoded parameter values. 
 
Table 3.4: CCD Experimental design of 3 variables tested to 5 levels 
Run Specimens X1 (Time) X2 Temperature X3 (H2 Content) 
1 BE-420 & 1100; PA-420 & 1100 36 1146 2 
2 BE-420 & 1100; PA-420 & 1100 54 1146 2 
3 BE-420 & 1100; PA-420 & 1100 36 1224 2 
4 BE-420 & 1100; PA-420 & 1100 36 1146 8 
5 BE-420 & 1100; PA-420 & 1100 54 1224 2 
6 BE-420 & 1100; PA-420 & 1100 54 1146 8 
  7 BE-420 & 1100; PA-420 & 1100 54 1224 8 
8 BE-420 & 1100; PA-420 & 1100 54 1224 8 
9 BE-420 & 1100; PA-420 & 1100 30 1185 5 
10 BE-420 & 1100; PA-420 & 1100 60 1185 5 
11 BE-420 & 1100; PA-420 & 1100 45 1120 5 
12 BE-420 & 1100; PA-420 & 1100 45 1250 5 
13 BE-420 & 1100; PA-420 & 1100 45 1185 0 
48 
 
14 BE-420 & 1100; PA-420 & 1100 45 1185 10 
15 BE-420 & 1100; PA-420 & 1100 45 1185 5 
16 BE-420 & 1100; PA-420 & 1100 45 1185 5 
17 BE-420 & 1100; PA-420 & 1100 45 1185 5 
18 BE-420 & 1100; PA-420 & 1100 45 1185 5 
19 BE-420 & 1100; PA-420 & 1100 45 1185 5 
 
Sintering was done in Phasecon retort furnace shown in Figure 3.9 and the sintering conditions that 
were investigated are listed in Table 3.3. The compacts were heated to 600 oC with a hold of 30 
minutes for the removal of a lubricant in the pre-alloyed compacts followed by heating to the 
sintering temperature. All the runs were conducted at a constant heating rate of 10 oC/min. The 
experimental design matrix showing the sintering temperature, hydrogen content and sintering time 
for a specific run is presented in Table 3.4. Hydrogen was diluted with Nitrogen to reduce the risk 
of explosion and the mixing of gases was done using precise mass flow controllers. After sintering, 
the retort was lifted up from the heating chamber to allow the specimens to cool slowly to room 
temperature, the cooling rate was around 15-20 oC/min. The sintering gas mixture was kept on 








3.3.10. Sintered density 
The sintered density of the specimens was determined by Archimedes’ principle according to 
ASTM B962 – 15 for Sintered Powder Metallurgy (PM) Products. This was done by measuring the 
weight of the sample in air first, measuring the weight of sample impregnated with oil in air, then 
measuring the weight of sample impregnated with oil in the water using a special set up of the 
weighing balance in Figure 3.4. The density of the sample was calculated according to: 
𝑆𝑆𝑋𝑋𝑎𝑎𝑆𝑆𝑐𝑐𝑔𝑔𝑐𝑐𝑎𝑎 𝐷𝐷𝑐𝑐𝑎𝑎𝑔𝑔𝑋𝑋𝑆𝑆𝑦𝑦 =  𝐴𝐴𝐴𝐴𝑤𝑤
𝐵𝐵−𝐶𝐶
   
Where A is the mass of the sintered part in air, g, B the mass of the oil-impregnated part and C is 
the mass of the oil-impregnated part in water and ρw the density of the water, g/cm3. 
 
3.3.11. Metallographic Preparation 
To prepare the specimens for metallographic examination, the specimens were sectioned into half 




Figure 3.10: ATM Brillant 221 precision cutting machine. 
 
The cross-sectioned specimens were then hot mounted onto the bakelite resin using the ATM Opal 






Figure 3.11: ATM Opal 450 mounting press 
The mounted samples had a diameter of 30 mm. The surfaces of the mounted specimens were then 
ground and polished using the ATM Saphir 550 automatic metallographic grinder and polisher, 
shown in Figure 3.12. They were ground to achieve a flat surface and to remove any scratches with 
specified SiC papers under specified conditions as shown in Table 3.5. Ground samples were then 
polished on a cloth to remove micro scratches with colloidal silica for 10 minutes followed by water 
for 10 minutes. Samples were rinsed with tap water after each grinding step, ultrasonically cleaned 
in ethanol after polishing and dried. 
 
 





Table 3.5: Summary of the grinding and polishing conditions 
Surface Lubricant Load (N) Speed (rpm) Time (min) 
800 grit SiC paper Water 20 300 4 
1000 grit SiC paper Water 20 300 4 
2400 grit SiC paper Water 20 300 4 
4000 grit SiC paper Water 15 200 4 
Polishing Cloth Colloidal Silica 15 200 10 
Polishing Cloth Water 15 200 10 
 
The as-polished samples were analysed for porosity using the Leica DMI 5000M optical 
microscope, shown in Figure 3.13. Porosity analysis was performed on the optical micrographs 
taken at 5X magnification using ImageJ software. For each sample, 5 image fields of view were 
acquired and the image analysis software ImageJ was used to perform the quantitative analysis of 
the pores. The porosity was obtained by calculating the area fraction of the pores related to the total 




Figure 3.13: Leica DMI 5000M optical microscope 
Etching of the specimens was done using Nital solution containing 90 ml ethanol (96%) and 10 ml 
Nitric Acid (55%) followed by microstructural examinations of the alloys carried out by the 
Scanning Electron Microscopy (SEM) shown in Figure 3.1. Quantitative chemical analyses were 
performed using the Energy-dispersive X-ray spectroscopy (EDS). High magnification images of 
individual phases in the microstructure were obtained. By means of EDS, point analyses, line scan 
and elemental mapping the distribution of elements was investigated. Representative regions of the 
microstructure were chosen to perform EDS analysis and within each region different phases of 
microstructure were analysed.   
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Chapter 4: Results and Discussion 
 
4.1 Introduction 
This chapter presents results and discussion of results from the range of experiments that were 
conducted from specimens produced from the two different powders towards investigating the 
effects of alloying elements on the sintering behaviour of the powders and determining the optimal 
sintering condition of the two powder mixtures. Results that will be given include characterization 
of starting powders, compaction and sintering studies. 
 
4.2 Powder Characterization 
 
4.2.1. Particle Size Distribution 
The powders that were used in this work were introduced in section 3.1. All powders were analysed 
in their as received state without sieving or adding any additive. The particle size distribution of the 
as-received powders was performed using the Microtrac Bluewave X3500 particle size analyser and 
the results are shown in Figure 4.1. All tested powers showed to have a unimodal distribution. 
Although the pre-alloyed and the base Fe (W100.25) are both -150 µm, the results shows there is 
very little fine particles in the Fe (W100.25) as compared to the pre-alloyed powder. The PSD of 
powders is also presented as D10, D50 and D90 in Table 4.1. The PA powder had the smallest D10 
value. 
 
Figure 4.1: Particle size distribution of used powders 
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Table 4.1: Particle Size of the as Received Powders in D10, D50, D90  
Powders D90 (µm) D50 (µm) D10 (µm) 
Pre-Alloyed 144.2 77.64 14.3 
Fe-W100.25 157.5 99.44 43.32 
Cobalt 134.8 100.1 73.18 
Nickel 63.19 26.75 5.37 
Molybdenum 83.4 59.49 45.91 
Manganese 54.59 31.22 15.91 
Graphite 52.13 23.34 9.27 
Sulphur 115.3 45.51 19.43 
 
4.2.2. Powder Morphology 
A number of different powders have been used in this work. Figure 4.2 shows the morphologies of 
the as-received powders as obtained from the SEM. Generally, powder particle morphology is 
determined by the processing method. Both the pre-alloyed (a) and W100.25 Fe (b) powders have 
the irregular shape, exhibiting the typical morphology for hydrogen reduced and water atomized 
respectively. The particle shape of Nickel (d) was found to be spiky dendritic, an indication it was 
made by the Carbonyl process. The morphology of cobalt (c) was found to be spherical and the 
particles are composed of smaller particles fused together indicating that the powder was 
agglomerated and sintered. Molybdenum (f) particles were found to be spherical with smooth 
surfaces indicating that it was produced via gas atomization. Manganese (e) and Graphite (g) were 
found to have a blocky and flaky morphology respectively this is consistent with the production 
process which includes crushing and milling. Figure 4.2(h) shows that all the powder morphologies 








Figure 4.2: Morphologies of the as-received powders a) Pre-Alloyed, b) Fe-W100.25, c) Cobalt, d) 
Nickel, e) Manganese, f) Molybdenum, g) Graphite, and h) BE 
 
4.2.3. Powder Blends Properties  
The elemental powders were carefully mixed together as described in section 3.2.4, to prepare the 
blended elemental mixture (BE). The mixture was characterized to check for the homogeneity or 
level of distribution of the elemental powders using SEM analysis. Figure 4.3 presents the 
backscattered SEM micrographs for the BE powder. The various constituents were observed on a 




   
   
  
Figure 4.3: EDS mapping distribution of elements within the Blended-Elemental mixture (a) grey 
image of the mixture, (b) Iron, C) Carbon, (d) Manganese, (e) Cobalt, (f) Molybdenum, (g) Nickel 
and (h) Sulphur 
The pre-alloyed (PA) and BE powder were also tested for their properties and the results are given 
in Table 4.2. The pre-alloyed powder had a higher apparent and tapped density than the blended 
elemental powder. This could probably be due to better packing, as a result of its finer particles 
(Table 4.1). The Hausner Ratio (HR) was calculated by dividing the tapped density with the 
apparent density. Generally, the HR can predict flowability of powders (Angelo and Subramanian, 
2015). Powders with a HR of between 1.0 and 1.18 are known to have good flowability, while a HR 
of 1.26-1.34 means the powder is passable through the Hall flowmeter funnel (Nziu et al. 2014). 
The blended elemental powder had a HR of 1.17, and, exhibited a flowability of approximately 60 
seconds (Table 4.2), in line with the low HR. The flowability of the BE powder could have been 
aided by the presence of some spherical powders. On the other hand, the HR of 1.27 for the PA 
powder predicted the powder could pass through the funnel but when performing the flowability 
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test, the pre-alloyed powder did not flow at all. This could have been caused by its irregular 
morphology causing particle interlocking. It could also have been caused by too large particles 
physically blocking the funnel. 
 
Table 4.2: Powder Blends Properties 
 Apparent Density Tapped Density Flowability (s/50g) Hausner Ratio (HR) 
Blended 2.606 3.051 59.71 1.17 




The two powders, BE and PA were then pressed using the hydraulic press in a 15 mm die at a range 
of compaction pressure with the resulting compressibility data to evaluate the relationship between 
load (pressure) and the green density. Figure 4.4 shows a typical example of pressed compacts. The 
height of the compacts ranged from 6 mm at lower compaction pressure to 4mm at higher pressure.  
Figure 4.5 shows the compressibility curves of the investigated powder blends. The diagram has 
been divided into 3 regions. It can be seen in the diagram that the green density of powders 
increases with the increase in the applied pressure.  At lower compaction pressures, region (a), the 
green density increases rapidly with the increase in the applied pressure up to 420 MPa.  At this 
point, the two powders had attained the green density of 6.6 g/cm3. The green density then 
increased gradually with the increase in compaction pressure up to approximately 1100 MPa, region 
(b). At very high compaction pressure, 1350 MPa, the green density drops with the increase in 
compaction pressure for all powders, in region (c). This is usually attributed to spring-back in the 
compacts. The highest green density achieved for both powders was 7.14 g/cm3 for the BE and 7.25 
g/cm3 for the PA powder at 1100 MPa. The 420 and 1100 MPa compaction pressures were then 
selected to be used throughout the whole work.  
The higher compressibility of the PA powders than the BE powders observed in the current study is 
generally not in line with most literature. PA powders are expected to be harder and therefore 
difficult to press, than BE powders. It is possible that that the irregular spongy nature of the PA 
powders enabled their higher compressibility. On the other hand, the BE powders had some 
spherical particles, which are known to possess poor compressibility because they do not form 




Figure 4.4: Typical Green Compacts 
 
 
Figure 4.5: Compressibility curve of the powder mixtures 
 
4.4 Dilatometric studies  
A set of 8 mm diameter and 10 mm height compacts for dilatometer studies were pressed from the 
powders whose composition is given in Table 3.2. The specimens were pressed at 1100 MPa. 
Figure 4.6 shows a typical example of the dilatometer specimens.   

























Figure 4.6: Typical Dilatometer Specimens. 
 
Figure 4.7 presents the dilatometry curves of the different alloy composition showing a record of 
dimensional change at different temperatures along the longitudinal direction during heating up and 
cooling down of the dilatometry cycle, with temperature on the x axis and dilation (dL/Lo) on the Y 
axis. The curves show the presence of mass transfer (diffusion) and phase transformation occurring 
during the cycle.  
 
Figure 4.7: Full Dilatometry Cycle Curves for Different Alloy Composition 
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For a clear image of the events taking place during the dilatometric cyle, Figure 4.7 was split into 
two parts, heating up, Figure 4.8 and holding + cooling down, Figure 4.9. It should be highlighted 
that any change in slope indicates phase transformation and/or sintering. Phase transformation 
temperatures, the onset and offset of phase transformation were determined from the slope changes 
in the curve. The first derivatives of the dilation plots were calculated to enhance the precision of 
the study, to accurately determine the start and end of any phase transformation. The first 
derivatives plots for heating up and cooling down are presented in Appendix A. 
 
 
Figure 4.8: Dilatometry Curves During Heating Up for Different Alloy Composition 
Figure 4.8 show the dilatometer curve during heating up of the specimens. From the curve it can be 
seen than the Fe, Fe-C, Fe-C-Mn-S, Fe-C-Mn-S-Co, Fe-C-Mn-S-Mo, Fe-C-Mn-S-Ni and BE 
specimens expand similarly as the temperature increases until 600 oC, on the other hand, the PA 
specimen showed an early deviation from a linear expansion, from around 400 oC. Any linear initial 
expansion is simply due to the thermal expansion of the specimens. The linear expansion is 
followed by a gradual decrease of the slope of the curve until reaching a maximum at about 700 oC, 
followed by a slight contraction at the Curie point. The Curie point is where iron loses its 
magnetism and usually occurs at 768 oC, is highlighted in the insert in Figure 4.8. In a dilatometer 
with induction heating, the Curie temperature is detected with ferromagnetic specimens because of 
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an increase in the required inductor power and an additional strain. This effect is only detected in 
dilatometers with induction heating (Hunkel et al., 2018).  At temperature below 600 oC, the rate of 
expansion of the Fe-C, Fe-C-Mn-S, Fe-C-Mn-S-Co, Fe-C-Mn-S-Mo, Fe-C-Mn-S-Ni and BE 
specimens is comparable to that of pure Fe. This could mean that the diffusion mechanisms 
promoting shrinkage are not activated yet or diffusion of alloying elements into iron matrix has not 
started yet (Molinari et al, 2015).  
Above 600 oC the dimensional change is the result of combination of thermal expansion and 
sintering shrinkage (Molinari et al, 2014). The shrinkage contribution increases with temperature 
and begins to dominate the thermal expansion contribution at 700 oC, causing the slope of the curve 
to start decreasing. In addition, the rate of expansion at this point starts to deviate from that of pure 
Fe.  
After the Curie point with increasing the temperature, all the specimens showed a sharp contraction 
around 800 – 900 oC. This is the temperature range of the ferrite to austenite (α → γ) 
transformation, it is indicated by an insert in Figure 4.8. This transformation is accompanied by 
approximately 1% atomic volume contraction, and is accompanied by a significant contraction on 
the heating dilatometry curve (García et al., 2002). 
The effects of the alloying elements is more pronounced in this region, particularly carbon, where 
the addition of carbon reduces the α → γ transformation onset from 907 oC to 780 oC and the 
expansion of the γ-field, as can be seen by comparing ∆Temperature of Fe and Carbon containing 
specimens in Table 4.3. The onset and offset temperatures and the amplitude of the α → γ 
transformation are presented in Table 4.3. The effects of molybdenum as a ferrite, α stabiliser can 
also be noted in Table 4.3, by delaying the α → γ transformation offset in molybdenum containing 
specimens, Fe-C-Mn-S-Mo, BE and PA, to a higher temperature, 920 oC.  
Table 4.3: Analysis from Dilatometry Curves 
Material 
α → γ Transformation γ → α Transformation Shrinkage 
During Holding 
(%) Onset Offset ∆ Temperature (oC) Onset Offset ∆Temperature (oC) 
Fe 903 948 45 920 850 70 0.29 
Fe-C 780 860 80 700 580 120 0.53 
Fe-C-Mn-S 783 875 92 705 & 410 590  115 0.37 
Fe-C-Mn-S-Co 787 890 103 700 610 90 1.21 
Fe-C-Mn-S-Mo 783 920 137 700 630 70 0.35 
Fe-C-Mn-S-Ni 775 855 80 700 540 160 1.39 
BE 775 920 145 700 & 410 600 & 410 70 0.28 
PA 771 920 149 450 300 180 1.17 
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After the α → γ transformation is complete, the Fe-C, Fe-C-Mn-S, Fe-C-Mn-S-Co, Fe-C-Mn-S-Mo, 
Fe-C-Mn-S-Ni and BE experienced another expansion at a high rate with increasing temperature. 
This expansion is due to the diffusion of carbon in the γ lattice (Danninger et al., 2001; and St-
Laurent, et al, 2004). The diffusion of carbon into the γ phase accelerates at about 950 - 970 °C as 
indicated by the increase in expansion rate in Figure. 4.8. The carbon diffusion ends at about 1020 
to 1040 °C when the expansion rate decreases, indicated by the decrease of the slope of the curve 
until reaching a maximum at the isothermal holding at 1200 oC 
The linear expansion of Fe in this area is due to the thermal expansion of the γ phase. The 
coefficient of thermal expansion of Fe in this region was very close to that of pure iron, 17.3x10-6 
oC-1 compared to 20.6x10-6 oC-1 reported in literature (Podder et al., 2011). 
The PA specimen however did not show any expansion but continues to contract even further until 
the isothermal holding. This could be attributed to the accelerated sintering due to the fact that in 
PA, all the alloying elements are in solution with iron already. 
Figure 4.9 shows the dilatometry curve of the different alloy compositions during isothermal 
holding at 1200 oC and cooling down after the cycle. The dotted lines show the linear slope during 
cooling. The deviation of the curve away from this line indicates the start/finish of a phase 
transformation. All the specimens showed a significant shrinkage during the isothermal holding for 
60 minutes. The shrinkage during the holding stage was totally due to sintering and the influence of 
alloying elements. The shrinkage values occurring during holding stage are listed in Table 4.3. By 
comparing the shrinkage of Fe, 0.29 %, with other specimens, the effects of alloying elements on 
the dimensional change during sintering can be noticed. Addition of C to Fe resulted in shrinkage of 
0.53 %, implying that this element promotes shrinkage during sintering. The introduction of Mn and 
Mo to the Fe-C caused the shrinkage to decreased to 0.37 and 0.35 % respectively, which were only 





Figure 4.9: Isothermal Holding + Cooling Down Dilatometry Curve for Different Alloy 
Composition 
During cooling from 1200 oC, specimens continue to shrink in a linear behaviour. However, the Fe-
C, Fe-C-Mn-S, Fe-C-Mn-S-Co, Fe-C-Mn-S-Mo, Fe-C-Mn-S-Ni specimens shows a slight 
expansion at about 700 oC while the expansion of the Fe specimen takes place at place at 920 oC. 
This expansion is related to the γ → α/pearlite transformation. With a nominal C content greater 
than 0.76 wt.% in steel, it is expected that a pearlitic microstructure is formed (Bhadeshia and 
Honeycombe, 2017).  Pearlite is a generic term to describe the steel microstructure that consists of 
alternating layers or lamellae of the two phases, α and Fe3C (ferrite and cementite) that form 
simultaneously during the transformation (Bhadeshia and Honeycombe, 2017). The start and end 
temperature of the transformation is listed in Table 4.3. The effects of alloying elements can also be 
noticed in this region. The introduction of C in Fe lowered the γ → α/pearlite transformation from 
920 to 700 oC. In addition, C addition resulted in the expansion of the γ –field, encouraging the γ –
field to exist over a wide temperature, from 70 to 120 oC. The effect of Mo as a ferrite stabiliser can 




After the γ → α/pearlite transformation, the Fe-C-Mn-S, and BE specimens shows another phase 
transformation again at low temperature, at 410 oC. Suggesting the presence of two phases, 
α/pearlite and another phase that forms at lower temperature. This transformation temperature is 
associated with the bainite structure formation. Bainite transformation typically occurs in the range–
550 – 250 ◦C (Bhadeshia and Honeycombe, 2017). 
The PA specimen however does not show the γ → α/pearlite transformation during cooling. The 
only visible transformation in the PA specimen is that associated with bainite structure formation 
which is occurring at 480 - 300 oC. 
The total shrinkage of compacts after the end of the dilatometry cycle is presented in Figure 4.10. 
Note that the total shrinkage was evaluated as the difference between the final length, Lf and the 
original length, L0. The negative values in Figure 4.10 indicate swelling because the Y-axis is 
already indicated as a shrinkage while positive values indicate shrinkage. 
 
Figure 4.10: Dimensional Change of Specimens Dilatometer Cycles 
The swelling of the Fe-C-Mn-S can be explained by the behaviour of Mn during homogenisation. 
As explained in section 2.6.3 that sintering of Fe and Mn occurs by solid state (iron powder) and 
gas phase mass transport (manganese vapour). Gas phase transport is a one way mechanism because 
Fe cannot be transported into Mn through the gas phase. When Mn evaporates it leaves behind 
pores which are only partially refilled with matrix and there is a shifting of matter towards the Fe 
















































4.8 shows that homogenisation of Mn starts at low sintering temperatures as during the α → γ 
transformation, the Fe-Mn-C-S specimen had the least contraction.   
The Fe-C-Mn-S-Mo and BE specimens also exhibited swelling at the end of the dilatometric test 
and they also showed the less shrinkage during holding, 0.35 and 0.28 % respectively. The 
shrinkage of BE was even less than that of the Fe specimen. The swelling in elemental Mo 
containing steel is due to the transient liquid phase that forms during sintering at high temperatures 
and it increases with increasing the Mo content (Danninger et al, 2005). Xiu et al, (2003) reported 
that this transient liquid forms through the reaction γFe + Mo2C + Fe3C → L which happens at 1080 
oC. In the current study, this eutectic reaction appears to have occurred at about 1050/1080 °C after 
the α → γ transformation, where the rate of expansion starts to increase (Figure 4.8). 
The little shrinkage of BE during holding and swelling could be caused by the presence of 
elemental Mn and Mo. 
 
4.4.1. Characterization of Dilatometer Specimens 
 
4.4.1.1. Density Measurements 
The green density and the density after dilatometer cycle measured by techniques described in 
section 3.3.6 and 3.3.10 are presented in Table 4.4 together with the porosity calculated from the 
sintered density and measured by image analysis. 
The green densities of all the specimens were higher than 94 % of their respective theoretical 
densities. This was possible because of the high load (1100 MPa) used to compact them. After the 
dilatometric test, the relative densities of all the specimens investigated decreased. The actual 
densities of the Fe and Fe-C specimens were 7.38 and 7.25 g/cm3, respectively, but the relative 
densities decreased by 0.64 and 1.43 % respectively due to appreciable levels of porosity. For PM 
steel produced through conventional single pressing and sintering the typical densities are between 
7.0 to 7.2 g/cm3 (Sundaram et al. 2018). 
The Fe-C-Mn-S, The Fe-C-Mn-S-Mo, BE and PA specimens resulted in a density decrease of 4.23, 
5.26, 6.79 and 4.7 % and high levels of porosity respectively. The high-density decrease and high 
levels of porosity in these specimens was because in manganese and molybdenum PM steel the 
porosity can be either primary or secondary or a combination of the two, referred to as dual porosity 
(Cias et al. 2005). Primary porosity is generated during compaction and in Mn PM steel, secondary 
porosity is the porosity created during sintering, e.g. sublimation, melting, evaporation or 
dissolution of the manganese and/or ferromanganese particles as described in section 4.4. In 
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molybdenum PM steel these pores are generated from alloy element particles if transient liquid 
phase is formed during sintering (Danninger et al, 2013), as was the case in the current study. 
Although the Fe-C-Mn-S-Ni and Fe-C-Mn-Co specimens contained Mn, they showed a lower 
decrease of density of 1.72 and 2.37 %, compared to their green states with a final density of 7.05 
and 6.95 g/cm3. This could be because nickel increases the density of sintered steel made from 
elemental nickel powders. 















Fe  7.43 94.41 7.38 93.77 6.23 9.42 
Fe +0.9C  7.36 95.60 7.25 94.17 5.83 7.77 
Fe + 0.9C + 0.6Mn + 0.6S 7.29 96.37 6.97 92.14 7.86 10.94 
Fe + 0.9C + 3.59Co + 0.6Mn + 0.6S 7.13 93.88 6.95 91.51 8.49 10.02 
Fe + 0.9C + 2.63Mo + 0.6Mn + 0.6S 7.25 95.27 6.85 90.02 9.98 15.59 
Fe + 0.9C + 1.45Ni + 0.6Mn + 0.6S 7.18 94.76 7.05 93.05 6.95 10.80 
Blended Elemental 7.32 95.65 6.80 88.86 11.14 19.96 
Pre-Alloyed 7.22 94.34 6.86 89.64 10.36 14.91 
Porosity1 = 1 − (𝑆𝑆𝑆𝑆
𝑇𝑇𝑆𝑆
), SD – Sintered Density and TD – Theoretical Density 
Porosity2 was determined using image analysis software Image J  
 
4.4.1.2. Microstructure Characterization 
 
4.4.1.2.1. Optical Light Microscopy 
The polished cross-sectioned specimens were examined before and after etching with Nital solution 
using light optical microscopy and SEM/EDS as described in section 3.3.12. Figure 4.11 shows the 
optical micrographs of the unetched dilatometer specimen. The unetched optical micrographs 
revealed different microstructural features in terms of pore size, morphology and distribution.   
The corresponding frequency distribution of pore are presented in Figure 4.12 and frequency 
histograms, of pores area presented in Appendix B 
The porosity measured by image analysis was higher than the porosity calculated from the 
Archimedes’ principle. This can be attributed to the fact that only open porosity is considered in the 
image analysis technique, so the closed porosity is not accounted for (Chawla et al. 2003; and Marin 
et al. 2017). 
In Figure 4.11(a and b) it can be seen than the Fe and Fe-C specimens had small and few pores. 
This correlates to the low porosity levels obtained for these specimens. The pores are evenly 
distributed in the microstructure with a narrow pore distribution (Figure 4.12).  
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The pores in the Fe-C-Mn-S, Fe-C-Mn-S-Co, Fe-C-Mn-S-Ni appeared to be bigger than in the Fe 
and Fe-C specimens and irregular in shape with a pore distribution wider than the Fe and Fe-C 
specimens. In addition, Fe-C-Mn-S-Co specimen showed to have heterogeneous microstructures 
with undissolved particles. 
The pores in the Fe-C-Mn-S-Mo, BE and PA specimens appeared to be much larger and more 
rounded in shape than pores in other specimens. These pores are secondary pores since their size is 
correlated to the size of the initial alloy element particle in two ways: for congruent melting, the 
size of the pore is almost the same as that of the original particle, while for eutectic melting, as for 
example for Mo particles in an Fe-C matrix, they are approximately double the diameter of Mo 
particles from which they originate, as the liquid phase dissolves Fe-matrix material (Danninger et 







Figure 4.11: Polished unetched Optical Images of the a) Fe, b) Fe-C, c) Fe-C-Mn-S, d) Fe-C-Co-
Mn-S, e) Fe-C-Mo-Mn-S, f) Fe-C-Ni-Mn-S, g) BE,  h) PA. 
 
 
Figure 4.12: Pore Size Distribution of the Studied Materials 
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4.4.1.2.2. Scanning Electron Microscopy (SEM) 
The polished specimens were then etched with Nital solution and were investigated using 
SEM/EDS. Figure 4.13-4.26 shows the SEM micrographs of the etched dilatometry specimens for 
different alloying elements being added to plain iron matrix.  
The microstructure of plain Fe Figure. 4.13 showed to only consist of ferrite grains and pores. 
  
Figure 4.13: SEM micrograph of Fe a) low magnification b) high magnification. 
 
Figure 4.14 shows the microstructure of the Fe-C alloy. The introduction of 0.9% C in iron resulted 
in the microstructure containing grain boundary cementite, free ferrite plates that appeared to have 
formed at previous austenite grain boundaries, colonies of normal pearlite and degenerate pearlite, 
defined as ferrite containing discrete cementite particles. There are two possibilities for the 
mechanism of formation of the free ferrite structure. Earlier studies by McQuaid and Ehn (1922) 
suggested that pearlite has partly broken down to form massive cementite and free ferrite. While 
Hillert (1962) suggested that formation of the free ferrite was due to nucleation and growth of the 
free ferrite after the formation of grain boundary cementite. That the formation of a grain boundary 
cementite network result in a reduction of carbon in the austenite in the nearby vicinity towards the 
hypo-eutectoid level, allowing the free ferrite to nucleate. During the subsequent growth of the 
abnormal ferrite, carbon is rejected into the untransformed austenite and eventually the carbon 
content in the austenite reaches a level appropriate for the formation of degenerate pearlite, which 






Figure 4.14: SEM micrograph Fe-C, a) low magnification b) high magnification 
 
Figure 4.15 shows the microstructure of Fe-C-Mn-S alloy. The microstructural features were similar 
to those in the Fe-C sample (Figure 4.14): there was a combination of plates of free ferrite, normal 
and degenerate pearlite. Although the bainite transformation was detected on the dilatometer curve 
for this specimen, the bainite structure was not observed on the SEM images. In addition, the 
presence of Mn and S led to the presence of dark inclusions, which were shown by EDS (Figure 
4.16) to be MnS. The distribution of manganese and sulphur in the microstructure is shown in 
Figure 4.17. It can be seen from these micrographs that it is clear that manganese and sulphur 
occupy the same areas in the microstructure. 
  






Figure 4.16: EDS Point and Shoot analysis of Fe-C-Mn-S 
 
   
Figure 4.17: EDS Mapping of Fe-C-Mn-S 
 
Figure 4.18 shows the microstructures obtained for the for Fe-C-Mn-S-Co alloy. The microstructure 
was clearly heterogeneous, with dark round features that were found to be undissolved Co particles 
(Figure 4.18a and b). In addition, a higher magnification showed that the other microstructural 
features were similar to those of alloy Fe-C-Mn-S (Figure 4.15). The microstructural features 
included free ferrite, grain boundary cementite, degenerate pearlite, normal pearlite and MnS 
inclusions (Figure 4.18 b). Figure 4.18d shows the microstructure in the vicinity of a Co particle, 
showing a clear boundary between the particle and the matrix and also indicating well developed 
lamellae of coarse and fine pearlite, and degenerate pearlite.  
The prior Co particle had different grey level contrasts, and a dark phase, indicating the occurrence 







Figure 4.18: SEM micrograph of Fe-C-Mn-S-Co a) low magnification, b), c), d) high maginification 







Figure 4.19 shows the SEM micrograph of the Fe-C-Mn-S-Mo alloy microstructure. Unlike the Fe-
C, (Figure 4.14), the Fe-C-Mn-S (Figure 4.15), and the Fe-C-Mn-S-Co (Figure 4.18), no free ferrite 
was observed in the microstructures of the Fe-C-Mn-S-Mo alloy. Instead, SEM images revealed 
that this specimen, like the Fe-C-Mn-S-Co alloy (Figure 4.18), had a heterogenous microstructure 
which consisted of pores, due to the dissolution of Mo into iron, undissolved particles of 
molybdenum, a eutectic carbide, and both upper and lower bainite structure. Figure 4.19a and b) 
shows the general microstructure, where pores are prominent. Figure 4.19e) shows a eutectic 
carbide (which is discussed below) and both upper and table . The bainite structure obtained in this 
alloy is attributed mainly to the alloying with Mo, one of the alloying elements added to retard the 
formation of pearlite and allow bainite to form (Kapito et al., 2013). The pores in the microstructure 
were “secondary pores”. EDS analysis (Figure 4.20) found Mo-rings surrounding these pores, and 







Figure 4.19: SEM micrograph of Fe-C-Mn-S-Mo Alloy a), b) low magnification, c), d) & e) high 
magnification 
Figure 4.20 shows the of EDS point and shoot results, this is potential evidence of liquid phase 
sintering showing a secondary pore at the sites of Mo-containing particle, identified with Mo-rings 
surrounding these pores (Danninger et al, 2005). 
 
Figure 4.20: EDS point and shoot showing Mo-rings surrounding the pores, indicating pores are 
“secondary pores”, a result of liquid phase sintering. 
Figure 4.21a) shows a higher magnification of the complex eutectic in the Fe-C-Mn-S-Mo alloy 
(Figure 4.20b). EDS analysis showed its composition was very close to that of the M6C carbide, 
similar to what has been observed for melted alloys high speed steels (Boccalini and Goldenstein, 
2001). However, the structure starts as carburization of Mo particles to form Mo2C, then Fe diffuses 
into the carbide to form M6C (approximately Fe3Mo3C). The presence of the complex carbides 
caused this alloy to experience some limited melting, which according to the dilatometric studies 
(Figure 4.8), started at about 1050/1080 °C. The melting was in line with literature, which indicates 
that depending on the C content, a transient liquid phase forms between MoxC carbide and the 
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austenite. In the current study, the transient liquid is formed when the carbide phase (M6C) reacted 
with the surrounding austenite (γ-Fe) through the eutectic reaction γFe + Mo2C + Fe3C → L (Šalak, 
1995). When the surfaces of the Fe particles are covered with Mo containing melt, Mo can rapidly 
diffuse into the Fe grains and form a largely bainitic microstructure (Danninger et al, 2005). The 
structure can be seen in Figure 4.19d. 
 
 
Figure 4.21: Higher magnification of the complex carbide in the Fe-C-Mn-S-Mo alloy a), and b) 
EDS Point and Shoot analysis to determine approximate composition 
 
Figure 4.22 shows the microstructure of the Fe-C-Mn-S-Ni. A homogenous microstructure was 
observed for this composition in that no un-dissolved alloying elements were observed in the 
microstructures (Figure 4.22). This was unlike most literature on PM Ni steels, which contain Ni 
rich areas (Hwang and Shiau, 1996; Gething et al., 2005; and Sainz et al., 2007). The microstructure 
was similar to those of alloys Fe-C (Figure 4.14) and Fe-C-Mn-S (Figure 4.15), with free ferrite, 
a)
  C-K   S-K  Mn-K  Fe-K  Mo-L
pt1 33.61 - - 51.44 14.95
pt2 38.07 0.84 0.14 49.19 11.76
pt3 30.77 - - 56.98 12.24
pt4 17.03 39.05 21.18 20.04 2.7




grain boundary cementite, normal and degenerated pearlite (Figure 4.22b). Figure 4.23 shows the 
distribution of elements in the microstructure, and shows the existence of MnS. 
 
Figure 4.22: SEM micrograph of Fe-C-Mn-S-Ni 
     
   




Figure 4.24 shows the microstructure of the BE specimen, which were a collection of features from 
the each of the blended constituent alloys discussed above. The microstructure was inhomogeneous 
(Figure 4.24a), with undissolved particles of alloying elements, cobalt and molybdenum, as 
occurred for the Fe-C-Mn-S-Co (Figure 4.18) and Fe-C-Mn-S-Mo (Figure 4.19) alloys. These 
undissolved particles are further analysed in Figure 4.25. The microstructure consisted of a mixture 
of bainite and pearlite (Figure 4.24b and Figure 4.24d). In addition, complex eutectic carbides, 
observed in the Fe-C-Mn-S-Mo composition (Figure 4.19) were also observed (Figure 4.24c). The 
complex eutectic carbides formed as a result of some melting, which was indicated in the dilametric 
curve of the BE alloy (Figure 4.8), shown as some accelerated expansion from about 1050/1080 °C. 
 
Figure 4.24: SEM Micrographs of BE alloy a) low magnification, b), c) & d) high maginification 
Figure 4.25a is a higher magnification image to clearly show the undissolved particles in Figure 
4.24a). EDS analysis (Figure 4.25b) showed the particles were Mo and Co. Some of the Mo 
particles had cracks, as indicated in Figure 4.25a. The EDS analysis showed that some Mo had 
diffused and formed some precipitates in the Co particles. However, their composition was not 
determined because of their small size. EDS analysis did not pick up any Ni-rich areas in the 
microstructure of the BE alloy, an observation that was in line with the Fe-C-Mn-S-Ni alloy. 
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  Figure 4.25: SEM Micrographs of BE alloy a) high maginification b) EDS mapping around 
undissolved particles of the BE 
 
Figure 4.26 shows the PA microstructure. The sample exhibited a fully bainitic microstructure. 
Throughout the sample, the microstructure was homogeneous, this is typical of pre-alloyed 
materials. Big rounded pores that look similar to the secondary pores were also observed in the 
microstructure. The microstructure stands in distinct contrast from the BE alloy of the same 
composition (Figure 4.24). 
  
Figure 4.26: SEM Micrographs of PA 
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4.4.1.3. Summary of the Dilatometry Studies 
The dilatometric behaviour of the samples was greatly influenced by their compositions. During 
heating, the onset and offset temperatures of the α → γ transformation were, as indicated in Table 
4.3, determined by C and Mo, respectively. Compared to pure Fe, the addition of C lowered the 
onset temperature from 903 °C to about 780 °C. On the other hand, the presence of Mo increased 
the offset temperature the most, regardless of the method of alloying, i.e., blended elemental or pre-
alloying. The temperature range, ∆ Temperature (oC), for the α → γ transformation also depended 
on the alloying elements. The temperature was highest/longest in the presence of Mo, regardless of 
the method of alloying. Conversely, elements that stabilize γ had a shorter transformation 
temperature range than elements that stabilize α. 
Compared to the Fe compact, the presence of alloying elements reduced the relative density of the 
sintered compacts. The exception was C and Ni, which marginally increased the sintered relative 
density. The lower relative sintered densities for the blended elemental alloys containing Mn can be 
attributed to the oxidation of the Mn. Also, it is possible low diffusion rates of some alloying 
elements such as Co and Mo reduced the density further.  
Table 4.5 Summary of microstructural features for samples after sintering in the dilatometer 
Alloy Microstructural Features 
Fe Ferrite grains 
Fe-C Predominantly pearlite; Free ferrite & Degenerate pearlite 
Fe-C-Mn-S Pearlite; Free ferrite; Degenerate pearlite; Bainite; MnS inclusions 
Fe-C-Mn-S-Co Undissolved Co particles; Free ferrite; Degenerate pearlite; MnS 
Fe-C-Mn-S-Mo Pearlite; Undissolved Mo particles; Bainite; Complex Eutectic carbide 
Fe-C-Mn-S-Ni Pearlite; Free ferrite; Degenerate pearlite 
BE Undissolved Co; Undissolved Mo; Bainite; Complex eutectic carbide; 
MnS  
PA Bainite; MnS 
 
Table 4.5 summarizes the features in the microstructures of the samples sintered in the dilatometer. 
Fe was fully ferrite and the addition of Carbon to Fe resulted in a fine pearlitic structure with some 
free ferrite. This is typical for hyper-eutectoid steel. The addition of manganese resulted in free 
ferrite, pearlite, and caused the formation of bainite. At the same time, the manganese appeared as 
an inclusion in the microstructure, as MnS. This MnS appeared in all the blended elemental 




Generally, the presence of cobalt in steel increases both rate of nucleation and rate of growth of 
pearlite (Bhargava, & Banerjee, 2017; and Abbaschian, Abbaschian, and Reed-Hil, 2009) and 
nickel increases the fineness of pearlite (Hsu et al. 2007). In the current study however, most Co did 
not go into the Fe matrix, i.e., it remained as undissolved particles, due to the low diffusion rates of 
Co into Fe. The formation of bainite in these alloys in the current study could have been caused by 
the presence of alloying elements Mn, Ni and Mo (as shown in Figure 2.19) and/or the fast cooling 
rate used in the tests. 
With the addition of Mo complex heterogeneous microstructure was obtained for both Fe-C-Mn-S-
Mo and the BE alloys. The microstructure in Fe-C-Mn-S-Mo sample consisted of undissolved Mo 
particles (due to the low diffusion rate of Mo in Fe), bainite and a complex eutectic carbide. 
Another reason for the undissolved Mo particles is that Mo has a high melting point and the solid 
state diffusion of Mo in Fe is very slow during solid state sintering. It is accelerated by a transient 
liquid phase above 1230 oC (Šalak, 1995) and the maximum temperature reached in this work was 
1200 oC. The complex eutectic carbide formed through the eutectic reaction γFe + Mo2C + Fe3C → 
L (Šalak, 1995). The presence of Mo resulted in a further density decrease, which was attributed to 
the secondary pores that formed as a result of the formation of the transient liquid phase. In the BE 
samples, the microstructures in addition contained undissolved Co and free ferrite. In contrast to the 
BE alloy, the microstructure of the PA was homogenous consisting of bainite. 
 
4.5 DSC/TG Analysis 
Figure 4.27 presents the DSC curves during heating up and cooling of the specimens. Bigger and 
easily readable curves are provided in Appendix C. The curves were recorded from ambient 
temperature to 1200 oC at a heating rate of 20 oC/min in flowing Argon gas as described in Section 
3.3.8. The transformation temperatures are marked as onset, offset and peak (maximum). The onset 







Figure 4.27: DSC Curves of Different Alloys a) Fe, b) Fe-C, c) Fe-C-Mn-S, d) Fe-C-Mn-S-Co, e) 
Fe-C-Mn-S-Mo, f) Fe-C-Mn-S-Ni, g) BE, and h) PA. 
The specimens containing sulphur Fe-C-Mn-S, Fe-C-Mn-S-Co, Fe-C-Mn-S-Mo, Fe-C-Mn-S-Ni and 
BE (Figure 4.27b-g) showed a small endothermic peak at 130 oC during the heating stage 
(highlighted in red on the diagrams). This peak is related to the melting of sulphur (Meyer, 1976). It 
was followed by a sharp exothermic peak which started at 250 oC. This peak is related to the 
formation of a sulphide. In order to determine which sulphide it was, the enthalpy of formation was 
calculated from the integration of area of that peak. The enthalpy of formation was found to be 92 
kJ/mol, which is very close to that of FeS reported in literature of 102 kJ/mol (Wada et al, 2004). 
However, this peak does not appear in the PA specimen (Figure 4.27) because sulphur was 
introduced as a stable MnS. 
The Fe specimen, Figure 4.27a showed two endothermic peaks during heating. The first peak at 772 
oC indicated the curie point, or transformation from ferromagnetic to paramagnetic state.  
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The second peak at 920 oC was attributed to the α → γ transformation. This temperature and also 
the onset and end temperatures were similar to those obtained using dilatometry (Table 4.3) 
The DSC curves for the carbon containing specimens Figure 4.27(b-g) differed considerably from 
that of Fe, the reference, specimen. The curves showed a broad endothermic peak which start 
around 720 oC to around 800 oC ranging from sample to sample This peak can be explained as the 
result of an overlapping of the Curie point and the α → γ transformation. The Curie point of steel is 
known to be almost independent of the carbon concentration (Momeni et al. 2012) and it was found 
to be at 768 oC during the dilatometric tests (Figure 4.8). The α → γ transformation was visible at 
780 oC on the dilatometer (Figure 4.8, and Table 4.3) which is within the range of this peak.  
The Fe-C-Mn-S, Fe-C-Mn-S-Co, Fe-C-Mn-S-Ni, Fe-C-Mn-S-Mo, and BE showed another 
endothermic peak at higher temperature, around 1000 oC. It is possible that this peak indicated the 
occurrence of a eutectic reaction that exists between FeS and γFe that forms a liquid phase through 
the reaction γFe + FeS → L at 988 oC (Bockstiegel, 1962). However, any such liquid that formed 
was not detected on the dilatometry tests, indicating that the liquid was in very small amounts. On 
the other hand, the PA specimen had only one endothermic peak, centred at around 769 °C, which 
could have been the α → γ transformation and the Curie point. 
During Cooling, the Fe Specimen showed two exothermic peaks, first, at 890 oC due to the γ → α 
transformation, and then at 755 oC due to the Curie point, i.e., the ferromagnetic transition. The 
carbon containing specimens showed only one exothermic peak during cooling, around 680 oC, due 
to phase transformation of the γ → α/pearlite while in the PA specimen the transformation started at 
539 oC. 
Figure 4.28 shows the results of the TG measurements of the investigated powder compositions 
recorded during heating up. TG measurements were done simultaneously with the DSC 
measurements. The change in mass during different stages of TG measurements are presented in 
Table 4.6 
The curve of the Fe specimen showed a flat unchanged mass during TG measurements up on 
heating up. The other samples showed mass losses over a number of steps. The first step of mass 
loss was observed in the range of 750 - 800 °C while the second mass loss was from 800 - 1200 oC. 
From the dilatometer, the first step of mass loss, between 750 - 800 °C, correspond to before the 
diffusion of carbon and α → γ transformation.  The mass loss in this stage could be related to the 
first stage of the carbothermal reduction of surface oxides which takes place by the interaction of 
graphite with the surface iron oxides through the reaction Fe2O3 + 3C → 2Fe + 3CO (de Oro 




Figure 4.28: TG Curves During Heating of Different Alloy Composition. 
 
Table 4.6: Mass change values during different stages of TG measurements. 
Sample 
Mass Change (%) 
100 – 600 oC 700 - 900 oC 900 – 1200 oC Isothermal holding 1200 – 120 oC 
Fe - - - - - 
Fe-C - 0.12 0.28 0.16 0.03 
Fe-C-Mn-S 0.06 0.03 0.26 0.15 0.03 
Fe-C-Mn-S-Co 0.06 0.03 0.26 0.14 0.02 
Fe-C-Mn-S-Mo 0.04 0.02 0.26 0.15 0.02 
Fe-C-Mn-S-Ni 0.06 0.02 0.26 0.12 0.02 
BE 0.04 0.03 0.27 0.15 0.02 
PA 0.63 0.07 0.1 0.05 0.02 
 
The second mass loss step which is less pronounced, takes place in a much wider range, from 800 – 
1200 oC and results in large mass loss than the first step. This mass loss occurred after α → γ 
transformation, when most of the carbon had diffused into γ iron. The mass loss in this region is 
related to the reduction of internal oxides which are more stable than the surface oxides (Gierl-
Mayer and Danninger, 2016). 
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The Fe-C-Mn-S, Fe-C-Mn-S-Co, Fe-C-Mn-S-Mo, Fe-C-Mn-S-Ni, and BE specimen registered 3 
steps of mass loss. The first one in the range of 210 - 260 oC with a mass loss of 0.06 % was related 
to the evaporation of sulphur. This mass loss of 0.06 % happens just before sulphur starts to react 
with iron. In the temperature range between ≈ 200 and 400 °C the viscosity of liquid sulphur 
decreases rapidly and it becomes extremely reactive (Meyer, 1976). This behaviour eliminates the 
risk that with rising temperatures the sulphur will drain out of the compacts before having had a 
chance to react. 
The second mass loss in these specimens is the first stage of the carbothermal reduction of surface 
oxides which is observed at 750 - 850 oC, however the mass loss for these specimens is only 0.03 % 
compared to 0.12 % of the Fe-C specimen. This can be explained by the fact that oxygen sensitive 
alloying elements such as Mn can act as oxygen getters. Thus the oxygen from the easily reducible 
Fe oxides covering the Fe powders is simply transferred to the oxygen sensitive alloying particles 
(de Oro Calderon et al. 2017). The overall effect is that reduction of iron oxides leads to the 
oxidation of Mn and therefore there is very little or no net mass loss, since oxygen is simply 
transferred from the surface of the base powder to the surface of the alloying particles (Gierl-Mayer 
et al. 2016). This results in the formation of more stable manganese oxides that requires higher 
temperatures for reduction (Gierl-Mayer et al. 2016). 
The reduction process is reactivated at higher temperatures and it can be observed from 950 oC up 
to the maximum temperature in these experiments of 1200 oC and still continues during the 
isothermal holding.  
The PA specimen registered two steps of mass loss. The first decrease of mass which occurred 
between 300 and 550 oC was the result of the lubricant evaporation process and had the most 
intensive character with a mass loss of 0.63%, which corresponded with the lubricant content of the 
powder. The second step, which started at around 720 oC, was associated with a reduction of oxides. 
During the isothermal holding only a slight loss of mass was detected, 0.05 %. 
The larger differences that are present between the specimens made from the blended powders and 
the pre-alloyed powder is that specimens made from the blended powders showed a much more 
pronounced mass loss, than the PA specimen in the high temperature range >700 °C that continues 
up to 1200 °C. This is because, according to literature, the oxygen content of the sponge iron 




Figure 4.29: TG Curves During Cooling of Different Alloy Composition 
Figure 4.29 shows the results of the TG measurements of the investigated powder compositions 
recorded during cooling. The Fe specimen shows no weight gain/loss during cooling while the other 
specimens registered mass loss of approximately 0.02–0.03 %. 
 
4.5.1. Summary of DSC/TGA 
For the Fe specimen a clear transition peak from α → γ was observed at 920 oC and for specimens 
containing C the α → γ transformation was shifted to lower temperature. The peak was observed at 
740 to 870 oC, but it was observed that the peak overlapped with the Curie point which was found 
to be at 772 oC on the DSC and 768 oC on the dilatometer test. The α → γ transformation for 
specimens containing C was found to start around 770/780 oC on the dilatometer test.  
The sulphur containing specimens showed an endothermic peak around 1000 oC during heating, 
which can be related to the eutectic that exist between FeS (that formed at 250 oC) and γ-Fe. 
However FeS was not observed in the microstructure, only MnS was observed and it contained 
some Fe and C. According to the Ellingham diagrams for sulphides (Figure 4.30), MnS presents a 
higher stability, i.e. a lower Gibbs energy G0, than the FeS. Therefore, the reaction FeS + Mn → 
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MnS + Fe is likely to happen during the DSC cycle. However, the peak for this reaction was not 
observed on the DSC curves, probably because of the low amount of Mn and S.  
 
Figure 4.30: Ellingham diagram of sulphides. (Furlan et al, 2015). 
Although the microstructure of the Mo containing specimens show some evidence of a eutectic that 
results in a transient liquid formation and subsequently the secondary pores, the peak related to this 
phenomenon was not observed on the DSC probably because of the very small amount of liquid that 
formed.  
The addition of Carbon resulted in the delay of the γ → α transformation during cooling, from 890 
oC to 670 oC and at 480 oC in the PA specimen. In addition, carbon was also beneficial in the 
reduction of surface oxides during the sintering process. At the absence of reducing agent in the 
atmosphere that can reduce iron oxides, the mass loss indicates the amount of surface iron oxide 
reduced by carbon. Surface oxides tend to inhibit formation of metallic inter-particle bonds. 
Introduction of Mn was found to retard the reduction process, as the mass loss was reduced with the 




4.6 Optimization of Sintering Parameters   
RSM with a CCD was used to optimize the sintering conditions of compacts produced from the BE 
and PA powders. The compacts were pressed at 420 MPa and 1100 MPa. At 420 MPa both BE and 
PA compacts had a green density of 6.6 g/cm3 and at 1100 MPa they had a green density of 7.14 
and 7.25 g/cm3 respectively as shown in the compressibility curve in Figure 4.5. The levels at which 
the 3 input variables were tested and the experimental matrix are presented is in Table 3.3 and 3.4 
respectively. The output response, density was measured according to ASTM B962 – 15 and the 
procedure is described in section 3.2.11. The results of the optimization studies will be divided into 
4 groups, BE compacts pressed at 420 and 1100 MPa and PA compacts pressed at 420 and 1100 
MPa and will be discussed separately. The experimental data is provided in Appendix D. 
The influence of selected process variables on the density of compacts was studied and the surface 
plots for the sintering time, sintering temperature and the hydrogen content are shown in Figure 
4.31 – 4.34. These Figures show the relationship between two parameters, while the other parameter 
is kept at a middle level.  
The response surface plots showed that density decreased slightly with increasing the sintering time 
for BE 420, BE 1100 and PA 420 and the effect was minimal for the PA 1100. 
The sintering temperature significantly influenced the sintered density as the decrease in density 
was large with increasing sintering temperature.  
The third process parameter tested was the hydrogen content and it had minimal effect on the 
sintered density. 
The highest sintered densities obtained were 6.52 g/cm3 for BE pressed at 420 MPa, 7.10 g/cm3 for 
BE pressed at 1100 MPa, 6.66 g/cm3 for PA pressed at 420 MPa and 7.03 g/cm3 for PA pressed at 
1100 MPa. The highest sintered densities obtained for all materials were both lower than the 










































Figure 4.34: Surface and Contour Plots for Pre-alloyed pressed at 1100 MPa 
 
To statistically analyse the significance of process variables, a mathematical model was developed 
for all the groups of results and is used for prediction and optimization. To test the significance of 
the developed mathematical models, adequate precision of the model and lack of fit check were 
done using Design–Expert v11.0 software. The analysis of variance (ANOVA) was also done using 
the same software to statistically test the models. Parameters such as P-value, F-value and R-
Squared we used to determine the significance of each model parameter and their interaction. The 
larger the value of F and the smaller the value of p (< 0.05), the more significant the corresponding 
coefficient is. Table 4.7 – 4.10 show the results of ANOVA analysis for density of the sintered 
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compacts. The ANOVA results reveal that the independent variables sintering time and the 
hydrogen content, the interaction between sintering time and the hydrogen content, sintering time 
and temperature, the hydrogen content and temperature and the second order effect of sintering time 
and the hydrogen content are not significant parameters to the model, for all the materials because 
their p value is higher than 0.05. Temperature was found to be the only parameter that has a 
significant effect on the model with a p value of less than 0.05 for all materials. This can also be 
seen in Figure 4.35 where temperature is the only parameter with a significant contribution to the 
response (density). Sintering temperature contributed 46 % for BE pressed at 420 MPa, 72% for BE 
pressed at 1100 MPa, 41% for PA pressed at 420 MPa and 75 % PA pressed at 1100 MPa. 
However, this effect was negative as density was found to decrease with increase in temperature. 
The contribution of time and hydrogen content were both less than 3 % for all the materials. The 
interaction of the two parameters, i.e time and sintering temperature; hydrogen content and time; 
and sintering temperature and hydrogen content were also found to be insignificant.   
 
 








Table 4.7: ANOVA for BE compacts pressed at 420 MPa 
Source Sum of Squares df Mean Square F-value p-value  
Model 0.1685 9 0.0187 5.56 0.0065  
A-Time 0.0054 1 0.0054 1.61 0.2329  
B-Temperature 0.0318 1 0.0318 9.45 0.0118  
C-Hydrogen Content 0.0072 1 0.0072 2.14 0.1744  
AB 0.0016 1 0.0016 0.4882 0.5007  
AC 0.0108 1 0.0108 3.22 0.1029  
BC 0.0057 1 0.0057 1.68 0.2243  
A² 0.0067 1 0.0067 1.98 0.1898  
B² 0.0533 1 0.0533 15.83 0.0026  
C² 0.0037 1 0.0037 1.1 0.3194  
Residual 0.0337 10 0.0034   
 
Lack of Fit 0.031 7 0.0044 4.88 0.1101  
Pure Error 0.0027 3 0.0009   
 
Cor Total 0.2022 19    
 
 
Table 4.8: ANOVA for BE compacts pressed at 1100 MPa 
Source Sum of Squares df Mean Square F-value p-value  
Model 0.1685 9 0.0187 5.56 0.0065  
A-Time 0.0054 1 0.0054 1.61 0.2329  
B-Temperature 0.0318 1 0.0318 9.45 0.0118  
C-Hydrogen Content 0.0072 1 0.0072 2.14 0.1744  
AB 0.0016 1 0.0016 0.4882 0.5007  
AC 0.0108 1 0.0108 3.22 0.1029  
BC 0.0057 1 0.0057 1.68 0.2243  
A² 0.0067 1 0.0067 1.98 0.1898  
B² 0.0533 1 0.0533 15.83 0.0026  
C² 0.0037 1 0.0037 1.1 0.3194  
Residual 0.0337 10 0.0034   
 
Lack of Fit 0.031 7 0.0044 4.88 0.1101  
Pure Error 0.0027 3 0.0009   
 










Table 4.9: ANOVA for PA compacts pressed at 420 MPa 
Source Sum of Squares df Mean Square F-value p-value  
Model 0.1685 9 0.0187 5.56 0.0065  
A-Time 0.0054 1 0.0054 1.61 0.2329  
B-Temperature 0.0318 1 0.0318 9.45 0.0118  
C-Hydrogen Content 0.0072 1 0.0072 2.14 0.1744  
AB 0.0016 1 0.0016 0.4882 0.5007  
AC 0.0108 1 0.0108 3.22 0.1029  
BC 0.0057 1 0.0057 1.68 0.2243  
A² 0.0067 1 0.0067 1.98 0.1898  
B² 0.0533 1 0.0533 15.83 0.0026  
C² 0.0037 1 0.0037 1.1 0.3194  
Residual 0.0337 10 0.0034   
 
Lack of Fit 0.031 7 0.0044 4.88 0.1101  
Pure Error 0.0027 3 0.0009   
 
Cor Total 0.2022 19        
 
Table 4.10: ANOVA for PA compacts pressed at 1100 MPa 
Source Sum of Squares df Mean Square F-value p-value  
Model 0.1685 9 0.0187 5.56 0.0065  
A-Time 0.0054 1 0.0054 1.61 0.2329  
B-Temperature 0.0318 1 0.0318 9.45 0.0118  
C-Hydrogen Content 0.0072 1 0.0072 2.14 0.1744  
AB 0.0016 1 0.0016 0.4882 0.5007  
AC 0.0108 1 0.0108 3.22 0.1029  
BC 0.0057 1 0.0057 1.68 0.2243  
A² 0.0067 1 0.0067 1.98 0.1898  
B² 0.0533 1 0.0533 15.83 0.0026  
C² 0.0037 1 0.0037 1.1 0.3194  
Residual 0.0337 10 0.0034   
 
Lack of Fit 0.031 7 0.0044 4.88 0.1101  
Pure Error 0.0027 3 0.0009   
 
Cor Total 0.2022 19        
 
A model with a good ability to fit the data is required to have the highest R-squared value (R2) and 
adjusted R-squared (R2-adj). This means that the closer the value of R2 is equal to 1, the better the 
model can accurately describe the relationship between the variables and the response variables. 
Generally, R2 is required to be at least 0.8 for the models with well-fitted data (Yang et al., 2018). 
The final equations describing the relationship between process parameters and density are shown 




Table 4.11: Regression Equations for the two powders pressed at two different pressures. 
Material Regression Equation  R
2 and Adjusted 
R2 
BE pressed at 
420 MPa 
𝐷𝐷 =  − 50.23785 +  0.051214𝑆𝑆 +  0.096325𝑇𝑇 −  0.263102𝐻𝐻 
−  0.000033𝑆𝑆𝑇𝑇 +  0.001097𝑆𝑆 𝐻𝐻 +  0.000203𝑇𝑇𝐻𝐻 
−  0.000225𝑆𝑆² −  0.000041𝑇𝑇² −  0.001825𝐻𝐻² 
R² = 0.8334 
Adjusted R² = 
0.6834 
BE pressed at 
1100MPa 
𝐷𝐷 =  − 62.41654 +  0.087403𝑆𝑆 +  0.118365𝑇𝑇 −  0.216868𝐻𝐻 
−  0.000069 𝑆𝑆𝑇𝑇 +  0.000741𝑆𝑆 𝐻𝐻 +  0.000149𝑇𝑇 ∗  𝐻𝐻 
−  0.000128𝑆𝑆² −  0.000050𝑇𝑇² +  0.001394𝐻𝐻² 
R² = 0.8852 
Adjusted R² = 
0.7819 
PA pressed at 
420 MPa 
𝐷𝐷 =  − 1.22770 +  0.068989𝑆𝑆 +  0.011934𝑇𝑇 −  0.077653𝐻𝐻 
−  0.000060𝑆𝑆𝑇𝑇 +  0.000858𝑆𝑆𝐻𝐻 +  0.000023𝑇𝑇𝐻𝐻 
−  0.000036𝑆𝑆² −  4.39508𝐸𝐸 − 06𝑇𝑇² +  0.001338𝐻𝐻² 
R² = 0.6185 
Adjusted R² = 
0.2751 
PA pressed at  
1100MPa 
𝐷𝐷 =  + 0.217274 +  0.039485𝑆𝑆 +  0.012042𝑇𝑇 −  0.117179𝐻𝐻 
−  0.000040𝑆𝑆𝑇𝑇 +  0.000145𝑆𝑆𝐻𝐻 +  0.000070𝑇𝑇𝐻𝐻 
+  0.000081𝑆𝑆² −  5.23486𝐸𝐸 − 06𝑇𝑇² +  0.002029𝐻𝐻² 
R² = 0.873 
Adjusted R² = 
0.7587 
*D is the sintered density 
 
The R2 values of the regression models for the BE samples were high, at 83 and 89% respective for 
the low and high compaction loads. For the PA samples, the R2 value was high only for the samples 
pressed at the high compaction load. Regardless of the high values, the general observations of the 
effect of sintering parameters on sintered density were not expected. Generally, sintered density 
does not decrease with increase in sintering temperature. It is expected that since sintering depends 
on diffusion, which is a thermally activated process, higher sintering temperatures should enable 
faster diffusion and therefore higher sintered densities. The slight decrease in density with 
increasing the sintering time, and/or the very small positive contributions of both time and hydrogen 
content, were also not expected. Reasonably long sintering times lead to extensive diffusion, and 
should therefore increase density, while, a higher hydrogen content should lead to increased 
reduction of the surface oxides, hence enabling faster diffusion and a higher sintered density. The 
unexpected observations made in this study would appear to imply that an external factor not 
modelled in the study negatively impacted the response variable. A possible such factor could be 
the one observed above in the dilatometer and microstructure section where it was evident that 








Chapter 5: Conclusions and Recommendations 
 
5.1. Introduction 
This chapter concludes the study and makes recommendations for further research. 
5.2. Conclusions 
In the present work the influence of alloying additions on the sintering behaviour of iron powder 
was studied using dilatometry studies and Differential Scanning Calorimetry/ Thermogravimetric 
Analysis. The findings can be summarized as follows: 
Compared to the Fe compact, the presence of alloying elements Mn, Co and Mo reduced the 
relative density of the sintered compacts. The exception was C and Ni, which marginally increased 
the sintered relative density. 
The dilatometer runs indicated that the addition of C lowered the onset of the ferrite to austenite 
temperature from 903 °C to about 780 °C and Mo increased the offset temperature to 920 oC. The 
addition of Mn and Mo results in increased dimensions during sintering, whereas, C, Co and Ni has 
an opposite effect.  
DSC confirmed some of the dilatometer findings and it was also found that sulphur reacts with Fe 
to form FeS at 250 oC which then forms a eutectic with the Fe matrix at 1000 oC. 
The TGA found that in the absence of a reducing agent in the atmosphere, carbon was found to be 
beneficial in reducing the surface oxides for successful sintering of the powder and Mn was found 
to retards the reduction process. 
The influence of alloying additions on the microstructure was studied using SEM with EDS. 
Addition of C to Fe resulted in a fine pearlitic structure with free ferrite and degenerate pearlite. The 
addition of Mn to form Fe-C-Mn-S resulted in fine pearlitic structure with free ferrite and 
degenerate pearlite. Mn appeared as an inclusion in the microstructure, as MnS. Dilatometer 
registered the bainite transformation for this composition, however it was not observed in the 
microstructure. The addition of Ni and Co resulted in a pearlitic microstructure, while the Co also 
resulted in inhomogeneous microstructure containing undissolved Co particles. The addition of Mo 
to form Fe-C-Mn-S-Mo and in the Blended Elemental resulted in an inhomogeneous microstructure 
containing pearlite, bainite, undissolved Mo particles and a complex eutectic. The microstructure of 
the Pre-alloyed was homogenous consisting of bainite only. 
The influence of sintering parameters on the sintered density of the two alloy powders was also 
investigated using Response Surface Methodology (RSM) with Central Composite Design (CCD). 
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Sintering temperature and time were found to affect the density negatively and the hydrogen content 
was found to have minimal effect on the sintered densities of the powders. ANOVA revealed that 
sintering time and hydrogen content contributed less than 3 % to the model for both materials while 
sintering temperature contributed 46 % for BE pressed at 420 MPa, 72% for BE pressed at 1100 
MPa, 41% for PA pressed at 420 MPa and 75 % PA pressed at 1100 MPa 
 
5.3. Recommendations. 
Although the study was conducted successfully, it was preliminary in nature.  There are some 
aspects which could have been investigated but were not. These aspects, highlighted here below, are 
candidates for further investigation: 
 
• Cobalt and molybdenum were found to cause inhomogeneous sintered microstructures. 
Future studies can use finer powder sizes, to determine whether the heterogeneity can be 
eliminated, like it was observed for the Ni powder. It is expected that finer particles may 
result in much quicker diffusion and prevent the presence of non-diffused powder particles 
in the final product where low sintering temperatures are used. Such a study could also 
investigate the influence of sintering time and temperature on the diffusion of Mo and Co 
and also on the reduction behaviour of oxides during TG measurements. 
• The inhomogeneous microstructures due to cobalt and molybdenum could be investigated 
further through diffusivity studies of cobalt and molybdenum in iron, using the Thermo-Calc 
software (Diffusion Module (DICTRA) to predict the kinetics of dissolution. 
• When studying the influence of sintering parameters on the sintered density, none of the 
sintering parameters applied were able to achieve sintered densities higher than the starting 
density (green density). A study should be conducted to investigate if other compaction 
techniques such as warm compaction, and double pressing double sintering can be used to 
achieve higher density after sintering. 
• The sintering parameter optimization experiments in this study fixed the compaction loads at 
420 and 1100 MPa, only. Future studies can perform full optimization experiments where 
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Appendix A: Dilatometry Curve and First Derivatives of Dilatometry Curves 
 













































































Appendix B: Pore Size Distribution 
 













































Appendix C: DSC Curves 
 
 






















Appendix C5: DSC Curves for Fe-C-Mn-S-Mo 
 
 





Appendix C7: DSC Curves for BE 
 
 







Appendix D: Central Composite Design Experimental Design and Results 
 
Appendix D1 – CCD Experimental Matrix for Blended Elemental pressed at 420 MPa 
 Sample Time (Minutes) Temperature (oC) Hydrogen Content (%) Density (g/cm3) 
BE-420-1 36 1146 2 7,346 
BE-420-2 54 1146 2 6,354 
BE-420-3 36 1224 2 6,335 
BE-420-4 36 1146 8 6,448 
BE-420-5 54 1224 2 6,188 
BE-420-6 54 1146 8 6,465 
BE-420-7 36 1224 8 6,424 
BE-420-8 54 1224 8 6,405 
BE-420-9 30 1185 5 6,478 
BE-420-10 60 1185 5 6,501 
BE-420-11 45 1120 5 6,457 
BE-420-12 45 1250 5 6,313 
BE-420-13 45 1185 0 6,509 
BE-420-14 45 1185 10 6,515 
BE-420-15 45 1185 5 6,522 
BE-420-16 45 1185 5 6,476 
BE-420-17 45 1250 10 6,291 
BE-420-18 30 1250 10 6,267 
BE-420-19 60 1250 10 6,303 
BE-420-20 45 1250 10 6,301 











Appendix D2 - CCD Experimental Matrix for Blended Elemental pressed at 1100 MPa 
Sample  Time (Minutes) Temperature (oC) Hydrogen Content (%) Density (g/cm3) 
BE-1100-1 36 1146 2 6,994 
BE-1100-2 54 1146 2 7,014 
BE-1100-3 36 1224 2 6,746 
BE-1100-4 36 1146 8 7,018 
BE-1100-5 54 1224 2 6,588 
BE-1100-6 54 1146 8 7,038 
BE-1100-7 36 1224 8 6,872 
BE-1100-8 54 1224 8 6,622 
BE-1094-9 30 1185 5 7,022 
BE-1094-10 60 1185 5 6,952 
BE-1094-11 45 1120 5 7,033 
BE-1094-12 45 1250 5 6,636 
BE-1094-13 45 1185 0 7,067 
BE-1094-14 45 1185 10 7,098 
BE-1094-15 45 1185 5 7,018 
BE-1094-16 45 1185 5 7,003 
BE-1094-17 45 1250 10 6,682 
BE-1094-18 30 1250 10 6,672 
BE-1094-19 60 1250 10 6,657 
BE-1094-20 45 1250 10 6,566 











Appendix D3: CCD Experimental Matrix for Pre-alloyed pressed at 420 MPa 
 Sample  Time (Minutes) Temperature (oC) Hydrogen Content (%) Density (g/cm3) 
PA-420-1 36 1146 2 6,615 
PA-420-2 54 1146 2 6,593 
PA-420-3 36 1224 2 6,515 
PA-420-4 36 1146 8 6,582 
PA-420-5 54 1224 2 6,418 
PA-420-6 54 1146 8 6,662 
PA-420-7 36 1224 8 6,579 
PA-420-8 54 1224 8 6,470 
PA-420-9 30 1185 5 6,586 
PA-420-10 60 1185 5 6,582 
PA-420-11 45 1120 5 6,583 
PA-420-12 45 1250 5 6,552 
PA-420-13 45 1185 0 6,633 
PA-420-14 45 1185 10 6,606 
PA-420-15 45 1185 5 6,509 
PA-420-16 45 1185 5 6,553 
PA-420-17 45 1250 10 6,539 
PA-420-18 30 1250 10 6,488 
PA-420-19 60 1250 10 6,511 
PA-420-20 45 1250 10 6,522 










Appendix D4: CCD Experimental Matrix for Pre-alloyed pressed at 1100 MPa 
 Sample Time (Minutes) Temp (oC) %Hydrogen Content (%) Density (g/cm3) 
PA-1100-1 36 1146 2 6,926 
PA-1100-2 54 1146 2 7,017 
PA-1100-3 36 1224 2 6,805 
PA-1100-4 36 1146 8 6,918 
PA-1100-5 54 1224 2 6,774 
PA-1100-6 54 1146 8 6,958 
PA-1100-7 36 1224 8 6,838 
PA-1100-8 54 1224 8 6,798 
PA-1100-9 30 1185 5 6,914 
PA-1100-10 60 1185 5 6,883 
PA-1100-11 45 1120 5 6,971 
PA-1100-12 45 1250 5 6,782 
PA-1100-13 45 1185 0 7,031 
PA-1100-14 45 1185 10 6,868 
PA-1100-15 45 1185 5 6,872 
PA-1100-16 45 1185 5 6,862 
PA-1100-17 45 1250 10 6,760 
PA-1100-18 30 1250 10 6,798 
PA-1100-19 60 1250 10 6,791 
PA-1100-20 45 1250 10 6,740 
PA-1100-21 60 1250 10 6,777 
 
 
 
 
 
 
